An investigation into the head-disk interface technology leading to extremely small mechanical head-disk spacing by MAN YIJUN
AN INVESTIGATION INTO THE 
HEAD-DISK INTERFACE TECHNOLOGY 
LEADING TO EXTREMELY SMALL 

















NATIONAL UNIVERSITY OF SINGAPORE 
2013 
AN INVESTIGATION INTO THE 
HEAD-DISK INTERFACE TECHNOLOGY  
LEADING TO EXTREMELY SMALL  














A THESIS SUBMITTED 
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY 
DEPARTMENT OF MECHANICAL ENGINEERING 









I hereby declare that this thesis is my original work and it has been written by me in its 
entirety. I have duly acknowledged all the sources of information which have been 
used in the thesis. 













I would like to express my sincere gratitude to my research supervisor in 
National University of Singapore, Professor Lim Seh Chun, for his valuable advice and 
guidance, encouragement and support throughout the course of this research. He 
provides me timely guidance in spite of his busy schedules and spends a large amount 
of time reviewing my papers and dissertation. Working with Professor Lim has been 
an invaluable and honorable experience from which I will benefit. I am greatly 
indebted to my co-supervisor Associate Professor Liu Bo, who has been very 
important in working out my research path and for navigating me through every stage 
of my career since I joined his group in Data Storage Institute. His insight, knowledge 
and guidance are extremely helpful to me throughout my PhD study. I would also like 
to thank Associate Professor Sujeet Kumar Sinha, previously of National University of 
Singapore and currently of Indian Institute of Technology Kanpur, for the kind support, 
advice and encouragement of helping me completing my study.  
I owe my gratitude to all the people who have helped me in various aspects of 
this research while working in Data Storage Institute, in particular Dr Ma Yansheng, Dr 
Yu Shengkai, Dr Yuan Zhimin, Dr Zhang Mingsheng, Mr Ng Kang Kee for their 
invaluable discussion, professional advice and support. Special thanks are also given to 
Dr Hu Jiangfeng, Associate Professor Chen Jingsheng and Dr Shi Jianzhong for their 
encouragement and assistance throughout my PhD study. 
Finally, I am deeply indebted to my parents, my brother and my parents-in-law 
for their support and encouragement, and most of all, my wife, Jiarui, and my son, Jun 
Cheng for their constant love, patience, and understanding. Without their supports, the 
dissertation would not have been completed.  
iii 
 
Table of Contents 
 
Declaration  i 
Acknowledgements  ii 
Table of Contents  iii 
Summary  viii 
List of Tables  x 
List of Figures  xi 
List of Abbreviations  xviii 
Chapter 1 Introduction 1 
 1.1 Evolution of Hard Disk Drives (HDDs) 1 
 1.2 Areal Density of Magnetic Recording Hard Disk 4 
 1.3 HDD Components 5 
 1.4 The Read/Write Process 7 
 1.5 The Head-Disk Interface (HDI) 11 
 1.6 Motivation 13 
 1.7 Objective 14 
 1.8 Structure of the Thesis 15 
Chapter 2 Literature Review 17 
 2.1 Introduction 17 
 2.2 Flying Height (FH) Adjustment Technologies 18 
  2.2.1 Different Approaches 19 
  2.2.2 Thermal Flying Height Control (TFC) Technology 22 
 2.3 Lubricants 25 
 2.4 Contact Recording 28 





  2.4.2 Slider-Disk Contact Detection Technologies 29 
   2.4.2.1 Acoustic emission (AE) sensor technology 30 
   2.4.2.2 Piezoelectric transducer (PZT) sensor 
technology 
30 
   2.4.2.3 Thermal asperity (TA) technology 31 
   2.4.2.4 Laser Doppler Vibrometer (LDV) technology 31 
   2.4.2.5 Read signal technology 33 
  2.4.3 Short Range Forces and Slider-Lubricant Interaction 33 
 2.5 Lube-Surfing Recording 37 
  2.5.1 Introduction 37 
  2.5.2 The Challenges and Approaches for Lube-Surfing 
Recording 
40 
 2.6 Current and Future Technologies for Magnetic Recording 43 
  2.6.1 Perpendicular Magnetic Recording (PMR) 43 
  2.6.2 Bit Patterned Media Recording (BPMR) 44 
  2.6.3 Heat Assisted Magnetic Recording (HAMR) 45 
 2.7 Tribocharging and Tribo-Current 48 
Chapter 3 Materials and Experimental Methodologies 56 
 3.1 Sliders and Disks for the Experimental Investigations 56 
  3.1.1 Sliders 56 
   3.1.1.1 Panda sliders – the non-TFC sliders 57 
   3.1.1.2 Pemto TFC sliders 60 
  3.1.2 Hard Disk Media 60 
 3.2 Methodologies for Slider-Disk Interaction Measurement 62 
  3.2.1 Acoustic Emission (AE) Testing 62 
  3.2.2 Laser Doppler Vibrometer (LDV) Measurement 64 
  3.2.3 The Triple Harmonic Method 67 
 3.3 Surface Analysis Techniques 72 
  3.3.1 Conductive Atomic Force Microscopy (C-AFM) 72 
  3.3.2 Optical Surface Analyzer (OSA) 73 
 3.4 Experimental Setup 75 
v 
 
  3.4.1 Optical Surface Analyzer (OSA) Based Setup 75 
  3.4.2 Spin Stand Based Setup 76 




 4.1 Introduction 78 
 4.2 Experiments 78 
  4.2.1 Experimental Setup 78 
  4.2.2 Test Sliders 79 
  4.2.3 Test Disks 80 
  4.2.4 Calibration of Slider’s Flying Height 80 
 4.3 Results and Discussions 84 
 4.4 Summary 92 
Chapter 5 Study of Slider–Lubricant Interaction with Conductive 
Atomic Force Microscopy 
 
93 
 5.1 Introduction 93 
 5.2 Experiments 94 
  5.2.1 Experimental Studies Using the C-AFM 94 
   5.2.1.1 Experimental setup 94 
   5.2.1.2 Sample preparations 95 
   5.2.1.3 Experimental studies 96 
   5.2.1.4 Data acquisition 97 
  5.2.2 Experimental Studies Using a Modified OSA 100 
   5.2.2.1 Experimental setup 100 
   5.2.2.2 Experimental conditions 101 
   5.2.2.3 Experimental studies 101 
 5.3 Results and Discussions 101 
 5.4 Summary 109 
Chapter 6 Study of Slider-Lubricant Interaction with Tribo-Current 111 
 6.1 Introduction 111 
 6.2 Experiments 112 
  6.2.1 Experimental Setup 112 
vi 
 
  6.2.2 Methods of Data Acquisition and Analysis 114 
 6.3 Results and Discussions 117 
 6.4 Summary 120 
Chapter 7 Parametric Studies of Thermal Flying Height Control 
Sliders for the Investigation of Slider-Lubricant 






 7.1 Introduction 122 
 7.2 Experimental Procedures 124 
 7.3 Results and Discussions 126 
  7.3.1 Calibration of TFC Heating Power with Respect to 
Variable Heater Resistance 
126 
  7.3.2 Measuring TFC Thermal Actuation Efficiency with 
Triple Harmonic Method 
130 
  7.3.3 Simulating the Slider FH Modulation at Close 
Proximity with Sinusoidal Function TFC Driving 
Voltage 
132 
  7.3.4 Sensitivity of Electrical Current Method Used as a 
Contact Detector 
136 
 7.4 Summary 144 
Chapter 8 The Applications of Electrical Current as a Contact 
Detector for the Investigation of Slider-Lubricant Contact 
 
146 
 8.1 Introduction 146 
 8.2 Experimental Setup 149 
 8.3 Results and Discussions 151 
  8.3.1 Effect of Disk RPM 151 
  8.3.2 Effect of Mobile Lubricant 153 
  8.3.3 Investigations of the Second Stable Flying State with 
Electrical Current 
157 
  8.3.4 Estimation of the Possible Region of Stable Surfing 
State for a Specific TFC Slider 
163 
  8.3.5 Understanding of the Touchdown/Lubricant-
Contact/Takeoff Processes for the Specific TFC 
Slider with the Electrical Current Method 
169 
 8.4 Summary 173 
vii 
 
Chapter 9 Conclusions 176 
References  180 




In order to keep increasing the recording density in magnetic hard disk drives, 
it is necessary to reduce the physical clearance between the read/write head and disk. 
State-of-the-art slider’s flying height is approaching 3.5 nm in order to achieve 1 
Tbits/in
2
 areal density while the disk-to-slider lubricant transfer, enhanced by the 
slider-lubricant interactions within such a small spacing, may lead to lubricant pickup 
by the slider which can affect the head-disk interface (HDI) stability. The 
investigations of lubricant transfer by the sliders with different designs show that 
lubricant transfer is not dependent on the air-bearing pressure but the effective size at 
the slider’s central trailing pad. Slider design with multi-shallow step and a smaller 
central trailing pad not only achieves a higher air-bearing stiffness but also reduces the 
redistribution of lubricant. 
The physical clearance would be further reduced to sub-nanometer in order to 
achieve 510 Tbits/in2 areal density. This will result in the inevitable intermittent 
contact between the slider and the lubricant/disk and require a significant change in the 
HDI. Thermal flying height control (TFC) technology has successfully brought the 
slider to fly at an ultra-low spacing, realizing sub-nanometer clearances for specific 
read/write operations. Based on the TFC technology, lube-surfing recording has been 
proposed and this may impose a tighter magnetic spacing while sustaining a stable 
HDI. The electrical/tribo-current generated by the slider-lubricant contact during lube-
surfing may be used to detect slider-lubricant contact.  
The conductive atomic force microscopy is applied to simulate the interactions 
at HDI while the currents generated during the probe-sample contact are investigated. 
The critical points, which divide the interactions into non-contact, lubricant-contact 
ix 
 
and solid-contact regions, can be observed. Subsequently, the current generated during 
TFC slider-disk contact is investigated experimentally. The results show that non-
contact, lubricant-contact and solid-contact regions can be differentiated by the 
measured currents. Furthermore, the characterizations of those well-investigated 
effects on the slider-lubricant contact further validate the usefulness of proposed 
current method in detecting lubricant-contact. 
The in-depth investigations of lubricant-contact by the electrical current 
method with a modulated driving voltage applying to the specific TFC slider are 
performed. The results suggested that the driving voltage not only produces a localized 
protrusion but also dissipates electrical charges to the slider body. The slider is 
capacitively coupled with the disk via the TFC heating element. The capacitive current 
thus produced dominates the measured current during non-contact, and it mixes with 
tribo-current generated during lubricant-contact. 
After careful calibrations of the TFC power with respect to the input voltage 
and the thermal actuation efficiency, the lube-surfing state during touchdown-takeoff 
processes is studied. The proposed current method has a sensitivity which is 
comparable to that of the LDV method and it can be used to estimate the touchdown 
power and the possible region of stable surfing state. The measured current may be 
used not only to accurately detect lubricant-contact but also as a feedback signal for 
the fine tuning of slider’s flying status if the electrical charge can be accurately 
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1.1 Evolution of Hard Disk Drives (HDDs) 
In 1952, Reynold Johnson of IBM was asked to start a new research team to 
develop a better technology for fast access to large volumes of data. It was decided 
early on to use inductive magnetic recording as the base technology because it was a 
proven technology with the magnetic tapes and drums. The open question was what 
configuration the new device should be for achieving fast random access at low cost. 
In the end, a new, flat platter design, as first reported in 1952 by Jacob Rabinow 
(Rabinow, 1952) was chosen over a simpler cylinder concept. In his famous article, 
Rabinow dealt with “The Notched-Disk Memory” and triggered the invention of what 
is known today as the computer hard disk drive (HDD). Johnson accurately foresaw its 
better potential for future improvements, and successfully demonstrated the first disk 








The prototype was so successful that in 1956 it was marketed as RAMAC 305, 
as shown in Figure 1.1, the first commercial computer with a magnetic HDD. The one-
ton, double-freezer-size disk drive, named as RAMAC 350, consisted of fifty 24-inch 
diameter aluminum disks mounted on a common shaft. The shaft was driven by an AC 
motor spinning at 1200 rotations per minute (RPM). The disks were coated on both 
sides with a magnetic iron oxide material, so there were 100 recording surfaces. The 
whole disk stack was served by two read/write heads shuttling up and down the disk 
stack to access the selected platter, as shown in Figure 1.2. This was achieved with a 
hydrostatic air-bearing, wherein compressed air was forced out of tiny holes on the 
head’s surface. The original RAMAC 350 HDD had a total capacity of 5 million 
characters, achieved with an areal density of about 2000 bits/in
2
. The slider-disk 
spacing was about 20 m, and the average access time for any record was around 1 s, a 
remarkable achievement at the time. 
Over the past half century, HDDs have undergone many improvements over 
the original RAMAC (Harker et al., 1981); yet the underlying principles of operation 
 
 




remain essentially the same. One early and very important evolution was the 
introduction of the hydrodynamic air-bearing utilizing a contoured structure called a 
slider to carry the head. This important simplification, introduced in 1962 in the IBM 
1301, eliminated the need for compressed air. This made it feasible for each recording 
surface to have its own dedicated head. Any disk surface can now be selected by 
electronically activating its associated head. As a result, the average access time was 
drastically improved, to 165 ms in the IBM 1301. 
Most of the subsequent improvements in slider design were mainly in reducing 
its dimensions. The concept of integrating the disks and the head arm assembly as a 
sealed unit was introduced in 1973 in the IBM 3340 or nicknamed the Winchester 
drive (Harker et al., 1981). Its concept of an integrated heads and disks assembly can 
be considered to be the predecessor of all of today’s HDDs. Up until the 1970s, HDDs 
remained big and expensive and were used exclusively in the realm of large computer 
systems. In 1980, Seagate revolutionized the HDD industry by introducing the ST506, 
a 5 ¼-inch form factor (the physical size and shape of a device) HDD for the nascent 
personal computer (PC) market (Kryder, 2006). Eventually, the PC HDD market far 
exceeded the enterprise storage market in terms of volume shipment. Until very 
recently several 2 terabytes (TB) HDDs were available on the market, like Seagate 
Barracuda LP and Western Digital (WD) RE4 etc. Among them, WD RE4 has four 
thin-film 3.5-inch platters which translate to a density of approximately 400 Gbits/in² 
and 8 ceramic sliders with dual stage actuator technology. In fact, this drive is not the 
newest and the best, it just was randomly chosen to make one point  there has been a 
huge progress in the field of HDD technology in the ~57 years, and the rate of this 
progress is just increasing year after year. 
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1.2 Areal Density of Magnetic Recording Hard Disk 
A recent study forecasted explosive growth of the digital universe from 130 
exabytes (EB, 1301018 bytes) in 2005 to 40 zettabytes (ZB, 401021 bytes), or 40 
trillion gigabytes (GB) in 2020. From now until 2020, the digital universe will about 
double every two years (Gantz and Reinsel, 2012). It is thus vitally important to ensure 
the continued rapid increases in capacity of the ubiquitous HDD that provides the 
foundation for this digital universe. The biggest lever for higher HDD capacities is to 
increase the areal density, which is the number of bits that can be recorded per square 
inch. For a given disk diameter, this parameter determines the amount of data that can 
be stored on each platter. This, in turn, dictates the total storage capacity of a HDD 
given the number of platters it contains. Even though there are many other contributing 
factors, ultimately, this is the single most important parameter that governs the cost per 
megabyte (MB) of a HDD. It is the incredible and consistent rapid growth rate of areal 
density over the past 30 years that has driven the storage cost of HDDs down to the 
level that makes it still the technology of choice for online data storage. Areal density 
has reached the point where it is economically feasible to miniaturize HDDs, pushing 
them to fast becoming ubiquitous in our daily lives as tiny embedded components in 
many mobile products. The original RAMAC 350 had a lowly areal density of only 
2000 bits/in
2
. In 2005, with the introduction of perpendicular recording, areal density 
had grown to 612 Gbits/in
2 
(Tanahashi et al., 2009). This represents a growth of about 
300 million folds. Up to now, the highest areal density reported was an astounding 1.5 
Tbits/in
2
 which was demonstrated by TDK (Owano, 2012). The evolutionary history of 
areal density growth is summarized in Figure 1.3 (Wood, 2009). 
The HDD industry is at a critical technology crossroads and it is paramount 
that we quickly establish comprehensive paths to push beyond the superparamagnetic 
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limit while mitigating the R&D and tooling investment risks. Considering this situation, 
several precompetitive research projects and programs supported by the HDD industry 
and/or government have recently started. These variously have targets of 2 Tbits/in
2
 by 
2010 for the Storage Research Consortium (SRC) in Japan, 5 Tbits/in
2
 by 2013 for the 
New Energy and Industrial Technology Development Organization (NEDO) in Japan, 
and 10 Tbits/in
2
 by 2015 for the Information Storage Industry Consortium (INSIC) in 
USA. 
1.3 HDD Components 
Components used in HDD can be broadly classified into 4 categories: 
magnetic components, mechanical components, electro-mechanical components, and 
electronics. The magnetic components, i.e., the media and the read/write head are the 
principal components that enable storage and retrieval of binary information. 
Figure 1.4 shows the structure and components within a typical HDD. 
Functions and special features of some of these components are briefly explained here. 
A typical HDD includes a head stack assembly (HSA) that has one or more magnetic 
 
 




disks which are rotated by a spindle motor at a substantially constant high speed and 
accessed by an array of read/write heads which store data on tracks defined on the disk 
surfaces. The read/write element is positioned at the trailing edge of the slider and the 
slider body is attached to the suspension by the gimbal spring. The suspension 
positions the slider body onto the disk, and applies a preload. An air-bearing surface 
(ABS) at the bottom of the slider develops high and low pressure regions for stable 
flying of the slider over the disk (Zeng et al., 2000; Liu et al., 2007). 
The slider carries the read/write elements and “flies” on the air-bearing over 
the disk surface within just a couple of nanometers clearance or flying height (FH) 
above the disk surface. The slider can move in five degrees of freedom around the 
dimple in the x, y, and z directions, and execute pitch, and roll motions (Kohira et al., 
2001; Xu et al., 2007). The head gimbal assembly (HGA) presses against the dimple 
that is stamped into the suspension which is attached to the voice coil motor (VCM) 
through the actuator arm. The VCM is controlled by a servo loop and positions the 
 
 




slider over a specific data track. The stator of the VCM is mounted on the same base 
case on which the spindle is placed. In addition, the base case is enclosed with a cover 
and seal assembly to ensure that no external airborne contaminants can enter. An 
internal filtration system ensures that small wear particles and contaminants generated 
inside the HDD are captured. 
1.4 The Read/Write Process 
A schematic view of the recording process is shown in Figure 1.5. Data are 
stored on a magnetic disk in the form of binary bits (Bertram, 1994). During the write 
process, a write current in the read/write head coil generates a magnetic field between 
the poles of the head. This field magnetizes the disk medium. The write current is 
synchronized with a so-called “time clock”. To write a “1” onto the rotating magnetic 
disk at a given “time clock”, the direction of the write current is changed, resulting in a 
magnetic transition being recorded in the disk medium. The absence of a transition at 
the clock time implies that a “0” is stored in the medium. 
With increasing storage densities, the vertical positioning tolerances are also 
reduced. This can be understood by considering the read-back signal from the sensor 
 
 




Vsensor, which can be described by an analytical model (Wang and Taratorin, 1999) or a 
simplified expression (Dietzel et al., 2002): 
                         (
   (   )
 
)            (   ) 
where Ssensor stands for the sensitivity of the read sensor, Jmedium a term describing the 
magnetic medium properties,   the wavelength of the magnetization changes along a 
track and d the distance between the sensor and the magnetic medium. The transition 
between cells that are magnetized in opposite directions cannot be abrupt, but a 
transition region of finite width a is formed during the write process. The equation 
describes that higher storage densities due to shorter bit cells (lower  ) generate a 
weaker signal at the read sensor, which is a result of a lower magnetic field at the 
sensor. Read sensors featuring very high sensitivity to small magnetic fields, as well as 
magnetic media that allow the transition width to be reduced are being developed. In 
addition, reducing d, i.e. lowering the FH of the slider, can compensate for a signal 
decrease. Not only the read operation but also the write operation is a near-field 
process, as the write field is more confined in the magnetic medium and denser bit 
patterns can be written at a lower FH. 
For the read/write heads used until the 1990’s, the read process was performed 
with the same head structure that was used for the write process. During reading, a 
voltage pulse is induced in the head whenever a change in the magnetization direction 
in the disk medium occurs. If there is no voltage pulse at the given time clock, a “0” is 
read from the disk medium. In modern HDDs, the read and write functions of a 
magnetic head are separated into two individual entities, and merged into one magnetic 
read/write head, as shown in Figure 1.6. The merged head consists of a thin film 
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inductive write element and a read element. The read element consists of a magneto-
resistive (MR) or giant-magneto-resistive (GMR) sensor between two magnetic shields. 
The magnetic shields greatly reduce unwanted magnetic fields coming from the disk; 
the MR or GMR sensor essentially "sees" only the magnetic field from the recorded 
data bit to be read. In a merged head the second magnetic shield also functions as one 
pole of the inductive write head. The separated read and write elements can be 
individually optimized. Furthermore, this merged head is less expensive to produce, 
because it requires fewer process steps; and, it performs better in a HDD, because the 
distance between the read and write elements is less. 
The MR sensor is based on the characteristics of certain metals to change their 
resistance in the presence of a magnetic field (Bertram, 1994). In the first 
implementation of MR sensors, the film between the two shields was an alloy of Ni 
and Fe. When the head passes over a magnetic field of one polarity, say, a "0" on the 
disk, no transverse magnetic field is applied and the electrical resistance is high. When 
the head passes over a magnetic field of the opposite polarity ("1"), the magnetic field 
rotates the magnetic orientation of the sensor which lowers the electrical resistance. 




Fig. 1.6 Merged magnetic read/write head in which the second magnetic shield also functions as 




The GMR effect was discovered by Fert and Grünberg independently (Baibich 
et al., 1988; Binasch et al., 1989). The practical significance of this experimental 
discovery was recognized by the Nobel Prize in Physics awarded to Fert and Grünberg 
in 2007. GMR is related to the fact that conduction electrons with a spin direction 
parallel to the magnetic orientation in a material move freely, resulting in low 
resistance. On the other hand, if the spin direction of conduction electrons is opposite 
to the magnetic orientation of the material, frequent collisions occur with atoms in the 
material, resulting in high resistance. 
Researchers at IBM soon realized the importance of GMR for HDDs and 
introduced the first GMR sensor for detecting computer data on magnetic hard disks in 
1994 (Tsang et al., 1994). A typical GMR sensor is composed of four thin layers that 
are sandwiched into a single structure, as show in Figure 1.7. The four layers are the 
so-called free layer or sensing layer, the spacer layer, the pinned layer and the 
exchange layer. When the read/write head passes over a magnetic field of one polarity, 
 
 




say, a "0" on the disk, the electrons of the free layer are aligned with those of the 
pinned layer; this creates a low resistance in the entire head structure. When the 
read/write head passes over a magnetic field of the opposite polarity ("1"), the 
electrons of the free layer rotate so that they are not aligned with those of the pinned 
layer. This causes an increase in the resistance of the overall structure. Similar to the 
conventional MR effect, the change in resistance allows the detection of a transition in 
the magnetic medium, and thus, the reading of stored information. The GMR sensor is 
much more sensitive in detecting a change of the magnetic field than a MR sensor. 
1.5 The Head-Disk Interface (HDI) 
One of the biggest challenges for HDD manufacturer, from a tribological point 
of view, is to maintain a very small spacing between the read/write head and the disk 
(Talke, 1995). State of the art HDDs operate at a head-disk separation, the so-called 
FH of 5 nm (Talke, 1997; Wood, 2000). 
A schematic of the HDI is shown in Figure 1.8. The read/write element is 
embedded in a so-called “slider”, which flies over the disk. Both the slider surface and 
 
 




the magnetic layer of the disk are covered by a diamond-like carbon (DLC) overcoat to 
protect the surfaces from wear. The DLC overcoat of the disk surface is covered by a 
thin lubricant layer that is applied by dip coating. In small form factor HDDs, the disk 
substrate is generally made of glass. For glass disks, the magnetic layer is directly 
deposited onto the glass substrate with a soft under-layer. For aluminum disks, a 
nickel-phosphorus layer is first deposited on the aluminum substrate to create a hard 
surface. Then the magnetic layer and the carbon overcoat are deposited by sputtering 
or chemical vapor deposition. 
In Figure 1.8, the FH between slider and disk is shown as well as the magnetic 
spacing. Magnetic spacing is defined as the effective distance between the magnetic 
recording head and the magnetic layer; it includes such factors as FH of the slider over 
the disk, recession of the head pole tip, thickness of the DLC film on the head surface 
and the thickness of the carbon and lubricant overcoats on the disk surface. During 
operation of a HDD, a nearly constant FH between the slider and the disk is 
maintained. If the FH is much larger than the sum of the lubricant thickness and the 
carbon overcoat, the effect of the carbon overcoat thickness and lubricant thickness can 
be ignored. In present day HDDs, for which the magnetic spacing is approximately 8 
nm, the effects of the lubricant thickness and carbon overcoat are very important and 
these have to be taken into account. 
As an increase in areal density requires a decrease in the magnetic spacing 
between the read/write head and the disk, this, in turn, requires that the slider’s FH 
must be reduced and that a thinner protective overcoat must be implemented. In order 
to achieve areal densities on the order of 1 Tbits/in
2
, the magnetic spacing must be 
reduced to 6.5 nm or less (Wood, 2000; Gui, 2003). To further increase the areal 
density toward 510 Tbits/in2, the magnetic spacing should be further reduced to a 
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value around 24 nm (Liu et al., 2008a). Considering the contributions from the 
lubricant thickness, overcoats thickness and surface roughness on both slider and disk, 
the remnant physical spacing between the slider and disk would be reduced to sub-1 
nm (Zheng and Bogy, 2010). At such a small physical spacing, the slider’s intermittent 
contact with the disk or at least with the lubricant layer during normal HDD operation 
becomes inevitable. Such contacts can cause instability of the HDI (Talke, 1997). Thus, 
the HDI is crucial for the functionality of the HDD and is subject to constant 
improvement. It is therefore very important to study HDI technology at extremely 
small mechanical slider-disk spacing. 
1.6 Motivation 
From a tribological point of view, one of the arduous challenges when 
attempting to increase the magnetic recording areal density, is to reduce the slider’s FH 
as much as possible. State-of-the-art FH is approaching less than 3.5 nm in order to 
achieve 1 Tbits/in
2
 areal density while short-range interactions within such a small 
mechanical spacing will be increased to a level that may degrade the HDI performance. 
Lubricant transfer from the disk to the slider occurs through evaporation/condensation 
mechanisms even for a non-contacting interface and is enhanced by slider-lubricant 
interactions during contact, may lead to lubricant pickup by the slider and may cause 
lubricant redistribution. This can affect the stability of the HDI. Thus, the identification 
and characterization of lubricant transfer between disk and slider with different slider 
ABS designs are very important to achieve small physical spacing and to realize the 
areal density goal of 1 Tbits/in
2
. 
The slider-disk spacing would be further reduced to sub-nanometer in order to 
achieve 510 Tbits/in2 areal density. This will result in the inevitable intermittent 
contact between the slider and the lubricant layer or the surface of the disk. A 
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significant change in HDI may in fact be required to meet future slider-disk spacing 
needs. Thermal flying height control (TFC) technology has successfully brought the 
slider to fly at an ultra-low spacing above the disk surface and realized sub-nanometer 
clearances for specific read/write operations. This architecture allows for a high-flying 
ABS design with only a small portion around the read/write head coming into 
proximity with the disk. Based on the TFC architecture and combined with the major 
advantages of in-fly and in-contact HDI schemes, a continuous lubricant-contact HDI, 
named lube-surfing recording has been proposed and may impose a tighter magnetic 
spacing while sustaining a stable HDI. 
Continuous slider-lubricant contact causes frictional tribocharging. The 
resulting electrostatic potential can further destabilize the slider’s flyability proving 
detrimental to HDI performance. On the other hand, tribocharging and tribocharging-
induced tribo-current can be used as means to signal the onset of slider-disk contact or 
even be used as indicators of the onset of lesser contact such as slider-lubricant contact. 
The ability to know when the slider comes into contact with the lubricant is very 
important for realizing the stratagem of magnetic recording with continuous lubricant-
contact scheme. This can be used as a feedback signal for the design of smart slider 
which can adjust its flying status in order to fine tune the slider-disk spacing and to 
keep the interaction at the desired level. A fuller understanding of the various 
phenomena at the HDI of TFC sliders in lubricant-contact is still lacking. This has 
been the motivation behind this research project. 
1.7 Objective 
The objective of the research reported in this thesis is to investigate the 
interactions between the slider and the lubricant, in particular the slider-lubricant 
interaction within the extremely small mechanical slider-disk spacing. The interactions 
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between the slider-lubricant and the disk will also be investigated. These will be 
achieved by: 
 an experimental study of slider-lubricant interaction with different slider 
designs, 
 an experimental investigation of the tribocharing phenomena at the HDI of 
TFC sliders in intermittent and continuous contact with the lubricant and 
the disk, 
 parametric studies of TFC slider in the slider-lubricant contact state 
employing the proposed electrical current method, and 
 an experimental investigation of the lubricant-contact state using the 
electrical current method with a modulated driving voltage applying to the 
specific TFC slider. 
It is hoped that the results obtained would lead to a better fundamental 
understanding of the various phenomena and the generation of tribo-current/electrical 
current during slider-lubricant interaction at the HDI. 
1.8 Structure of the Thesis 
This thesis consists of nine chapters. The first chapter is the introduction 
which covers the evolution of HDD, the motivation, the objective and the structure of 
this thesis. Chapter 2 presents a literature survey of FH adjustment technologies, 
lubricants, and the state of current and proposed magnetic recording technologies 
including the TFC slider, slider designs, different contact-detecting approaches, lube-
surfing recording and potential challenges. The phenomena of tribocharging and tribo-
current are also introduced in this chapter. Chapter 3 provides details of preparation of 
the disk samples, the experimental methodologies and techniques used to investigate 
the slider-lubricant interaction. 
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Chapter 4 presents the experimental investigation into the phenomenon of 
lubricant transfer between a series of femto sliders with different ABS designs and 
specially-prepared disks with a lubricant step. Details of a new evaluation 
methodology specially developed for this investigation are described in this chapter. 
The methodology to experimentally investigate the slider-lubricant interaction with 
tribo-current is presented in Chapter 5. Using this method, it is possible to observe 
experimentally the critical points at which the mode of interaction transits from one of 
solid-contact, to lubricant-contact, and to non-contact. 
Chapter 6 reports the results of the investigations of slider-lubricant interaction 
with ‘‘pemto’’TFC sliders and 2.5-inch conventional disks (12-Ǻ thick lubricant) on a 
modified spin-stand attached with an electrometer (Keithley 6517A). Further 
parametric investigations, including the calibration of TFC heater resistance and the 
measurement of TFC thermal actuation efficiency with respect to TFC heating power, 
and the feasibility of detecting the lubricant-contact by the electrical current method 
with a modulated driving voltage applying to the specific TFC slider, are detailed in 
Chapter 7. 
The experimental investigations that correlate an investigation into the roles of 
the disk RPM and mobile lubricant with respect to the lubricant-contact adopting the 
electrical current method are reported in Chapter 8. In addition, the results of the 
investigation of the second stable flying together with lube-surfing states using specific 
TFC sliders driven by a modulated TFC voltage are also presented in this chapter. The 






To address the tribological challenges being imposed by the extremely small 
mechanical slider-disk spacing, a number of new approaches are being proposed: 
 Thermal flying height control (TFC); 
 Wear-in pad; 
 Contact recording; 
 Lube-surfing recording; 
 Hybrid magnetic overcoat and carbon overcoat-free. 
Of these technologies, TFC has already begun to be implemented in disk 
drives since 2005. For the wear-in pad and contact recording concepts, serious 
tribology issues still need to be resolved: these include excessive wear, high friction, 
and corrosion of magnetic material through overcoats being damaged by wear. This 
will place even greater tribological demands on the few nanometers of lubricant and 
overcoat at this moving interface, which must provide years of wear resistance and 
corrosion protection (Singh et al., 2004; Mate et al., 2004). Lube-surfing recording 
seems to be a promising recording strategy with a small portion of the TFC protrusion 
in intermittent or continuous contact with the lubricant layer of the disk. However, 
there is limited theoretical and experimental work to verify the feasibility of this 
technique (Liu et al., 2008a; Liu et al., 2009; Zhang et al., 2009; Yu et al., 2009; 
Canchi and Bogy, 2010; Tani et al., 2011; Chen et al., 2012). Another important 
consideration for recording media, which is mostly addressed by tribology researchers, 
is the reduction of overcoat thickness. Hybrid magnetic overcoat and carbon overcoat-
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free are two attempts in this direction. Hybrid magnetic overcoat was proposed to 
provide both corrosion protection and magnetic spacing reduction in the meanwhile it 
should have permeability higher than or similar to that of recording layer in order to 
minimize magnetic flux leakage (Piramanayagam and Wang, 2002; Poh et al., 2008). 
Carbon overcoat-free is a very new proposal from INSIC and has just been 
investigated by several groups in the US with a few published results. In fact, it can be 
classified as a kind of hybrid magnetic overcoat because the overcoat is actually not 
totally removed but replaced with a new layer which should provide both corrosion 
protection and magnetic spacing reduction as well. However, both hybrid magnetic 
overcoat and overcoat-free are more materials related and are therefore beyond the 
scope of the present work. 
The literature reviewed here relating to exploring the head-disk interface (HDI) 
within ultra-small mechanical clearance is far from complete and limited to the 
approaches list above. The problems stated in the last chapter are foundational to the 
hypotheses and research objectives which follow. In addition, current and future 
technologies for magnetic recording are reviewed in order to have a complete and clear 
picture about approaches in the future for achieving areal density beyond the limits of 
conventional magnetic recording. Finally, the reviews of tribocharing and tribo-current 
are summarized in one section because of their importance for the researches in this 
thesis. 
2.2 Flying Height (FH) Adjustment Technologies 
With the increase of the areal density towards 10 Tbits/in
2
 and beyond in hard 
disk drives, the slider’s flying height (FH) should be reduced to 0.25 nm or less. How 
to achieve stable and targeted FH under various working conditions becomes a crucial 
19 
 
challenge. The concept of in-situ slider’s FH adjustment was proposed as a way to 
achieve such an ultra-low FH. 
2.2.1 Different Approaches 
The most direct method is to adjust the slider’s read/write element up and 
downward directly to control the magnetic spacing. Yeack-Scranton et al. proposed a 
design in 1990 by moving read/write element with a piezoelectric actuation (Yeack-
Scranton et al., 1990). This is probably the first mention of the concept of active slider. 
In the design, a channel was machined on the backside of the slider and the 
piezoelectric material was inserted in the channel. Two deep slots defined a central 
bender portion that was isolated mechanically and electrically from the outer air-
bearing rails. When a voltage was applied to the central active material, the material 
expanded in the direction of the electric field and the bending moment caused the 
trailing part of the slider to move downwards. For an IBM 3380-type slider, a 49 
nm/V deflection was achieved. However, that piezoelectric actuator would be difficult 
to be fabricated if it were applied to the current slider which is nearly 2 times smaller 
in size than the 3380-type slider. 
Since then, a considerable amount of technologies for FH adjustment has been 
proposed. The key point of these concepts is to adjust the FH by means of a built-in 
microactuator which could be driven with different mechanisms such as piezoelectric 
effect, electrostatic effect, and thermal expansion. Chen et al. proposed a micro-
electromechanical systems (MEMS)-based comb electrostatic microactuator to adjust 
FH (Chen et al., 2001). The microactuator was fabricated monolithically with a 
conventional head slider design and the actuator was micromachined into the same 
side as the read/write element on a slider with a modified complementary metal-oxide 
semiconductor (CMOS)-MEMS process. It had an extremely small size, light weight 
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and a very simple structure. The read/write element was suspended and moved up and 
down by the electrostatic parallel-plate microactuator during recording process to 
maintain a constant FH. Boismier et al. proposed a method to adjust gram load with 
piezoelectric actuation (Boismier and Heffelfinger, 2006). With increasing of driving 
voltage from –50 V to +50 V, gram load could be adjusted from 1.4 to 2.6 g. The FH 
adjustment could be around 2 nm if the stiffness of the air-bearing surface (ABS) at 
FH direction is 0.4 g/nm. However, the driving voltage of 50 V was too high in a drive 
level, and could be reduced with piezoelectric bimorph (Li et al., 2004) or multilayer 
piezoelectric microactuator (Boismier and Heffelfinger, 2006). Knigge et al. studied 
electrostatic force effect on the FH control by applying an electric voltage in HDI and 
indicated that when potential difference between slider and disk increased from 0 V to 
2 V, the FH of a high pitch slider reduced from 8.8 to 7.2 nm and the FH of a low pitch 
slider reduced from 8.7 to 5.7 nm (Knigge et al., 2004). The problems associated with 
this technique are: 1) a stable balanced point between the electrostatic force and the 
air-bearing force was not always achievable especially for ultra-low FH, which could 
lead to the slider crashing into the disk because the electrostatic force is too sensitive to 
the FH; 2) the giant-magneto-resistive (GMR) sensor might be damaged by the static 
charge generated by the driving voltage (Wallash, 2004). 
To overcome these difficulties, Mei and Stover designed a movable ABS 
element driven by piezoelectric actuator working on shear mode to control the FH of 
slider (Mei and Stover, 2010). When the movable part of ABS was moved up or down 
by the piezoelectric actuator, the ABS was adjusted and therefore the air pressure 
distribution in the HDI was altered, thus the FH was adjusted. The magnetic spacing 
adjustment range for this design was about ± 0.03 in (0.76 nm) when actuation 
distance of the movable element was ± 1in. However, its driving voltage was too high 
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for a HDD. Tagawa et al. and Suzuki et al. proposed a concept based on a thin-film 
piezoelectric actuator of plumbum (lead)-zirconate-titanate (PZT) which was deposited 
by sol-gel method (Tagawa et al., 2003; Suzuki et al., 2003). The simulation predicted 
that the slider’s FH varied from 20 to 5 nm by applying 2.2 V and a small change in 
flying attitude of slider. The slider fabricated by a silicon micromachining process 
showed that the FH adjustment was about 1.4 nm/V (Suzuki et al., 2005). The slider 
structure was simple and suitable for mass production. However, the thin-film actuator 
requires processing at over 600 C; the current magneto-resistive (MR) and GMR 
heads cannot withstand such a high temperature. 
Kurita et al. developed an active slider with a piezoelectric microactuator on 
the back of the slider (Kurita et al., 2003; Kurita and Suzuki, 2004). The trailing part of 
slider was separated into three parts and only the middle part was driven by a 
microactuator. The deformation of the piezoelectric microactuator would make the 
read/write elements to move up or down when a voltage was applied. The measured 
result of 6 nm/15 V was achieved. Separately, Zhang et al. proposed a method to bond 
a piece of piezoelectric actuator with extension mode to the backside of the slider 
(Zhang et al., 2005a). The expansion or contraction of the piezoelectric actuator 
modifies the ABS surface profile, and therefore adjusts the FH. The testing results 
showed the FH adjustment was 2.3 nm/ 20 V. The structure of this design was easy to 
fabricate and was compatible with standard products. It kept the ABS intact but its 
driving voltage was too high. If a H-shaped piezoelectric actuator was used and the 
slider was grooved like an U-shape, adjustments of crown and camber could be 
decoupled, and the FH adjustment ability could be improved. Their simulation results 
showed more than 2 nm FH adjustment with a 12 V voltage input could be achieved 
(Zhang et al., 2005b). 
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Generally, it is very difficult to design an electrostatic microactuator to drive 
read/write element directly in HDD because of the pressure on the trailing pad and the 
air-bearing stiffness at the FH direction are extremely high. In addition, the pressure on 
the ABS varies at different radius as well. It is a great challenge to realize the 
compatibility of thin film head manufacturing process and micromachining process for 
the electrostatic microactuator. 
2.2.2 Thermal Flying Height Control (TFC) Technology 
During the writing process, the temperature of the inductive write transducer 
in magnetic recording heads and its surrounding areas will rise due to Joule heating 
and eddy-current losses. This thermal heating will result in the mechanical expansion 
of the read/write element area leading to changes in the mechanical and magnetic 
spacing between the slider and disk. This forces the HDI designer to go for a higher 
FH than desired so that an acceptable amount of mechanical clearance is maintained 
during the writing process (Wang et al., 2001a; Gupta et al., 2001). This thermal 
protrusion problem also impacts the recording system as well: the magnetic spacing 
during reading will be higher than during writing since there is no thermal protrusion 
during reading.  
One way to overcome this issue was actually addressed by Meyer et al. in a 
U.S. patent where they discussed a heating system in a slider assembly to thermally 
control the position of the read/write element (Meyer et al., 1999). In their discussed 
implementation, the “heating” element would be placed near the read/write element 
allowing localized heating near the read/write element, thus requiring less power 
resulting in a fast response. This means that a resistive element can be built near the 
read/write structure during the wafer fabrication process, making it easy to fabricate 
and affordable. This might be the first idea on the thermal protrusion slider. Mächtle et 
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al. reported an adjustable FH slider with a thermal microheater (Mächtle et al., 2001). 
This slider was pico-sized, and its actuator was fabricated by MEMS processing. Due 
to non-uniform heating and different thermal expansion coefficients of slider when 
current passes through the microheater, suspension and glue, the surface profile of 
ABS was modified. Moreover, a part of the heat was transferred to the air gap between 
the slider and the spinning disk. As a result, parameters such as viscosity, pressure and 
mean free path of the air cushion were also modified. The FH adjustment based on the 
thermal actuation by a microheater was 2.3 nm when the microheater voltage was 
varied between 0 and 2 V at a frequency of 1.2  10-2 Hz. The response frequency of 
such a microheater was very low and the power it consumed while controlling the FH 
was very high when compared to the operating power of a HDD, especially for mobile 
applications. In addition, this type of scheme will require more additional lines to the 
heating element, thus requiring changes to the suspension as well as the flex cable and, 
most likely, the preamplifier which would likely power the heater. 
The thermal protrusion phenomenon and its effects on the reliability of HDI 
were studied in the past several years (Chen et al., 2000; Wang et al., 2001a; Liu and 
Han, 2003; Xu et al., 2004; Suk et al., 2005). Based on this phenomenon, a thermal 
actuator was designed to adjust FH (Kurita et al., 2006). When current was applied in 
the thermal actuator, the temperature of the thermal actuator and nearby area would 
increase, and the thermal expansion would move the read/write element down and 
reduce the magnetic spacing. The additional air pressure caused by the thermal 
expansion would lift the slider upward (Kurita et al., 2005). This compensation effect 
was dependent on the designs of the ABS and the thermal actuator. Suk et al. have 
verified by experiment that the FH could be reduced due to the thermal protrusion (Suk 
et al., 2005). The demonstration results showed a linear reduction in the magnetic 
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spacing as electric power was applied to the thermal actuator. The actuator’s stroke 
was 2.5 nm/50 mW with a time constant of 1 ms, and the thermal actuator has no 
significant impact on the reliability of the reading element. 
The thermal actuator can be easyly interagted into a thin film head in view of 
the fabrication process because only a resistor needs to be fabricated; this additional 
cost is low. In addition, the thermal protrusion is only around the read/write element 
and the protruded area is very small. It can greatly reduce the short range interactions 
between slider and disk and achieve more stable HDI under ultra-low FH when 
compared to other FH adjustment technologies. 
Figure 2.1 shows a cross-section of a slider identifying the heater location 
relative to the read/write element. This separate heater structure enables the control of 
the read/write element protrusion independently from the effect generated by the 
read/write elements during reading or writing operations. By applying an electric 
current to the heater, the thermal protrusion can be used to compensate almost all static 
FH loss. The FH of the TFC slider can be designed at a relatively larger value, such as 
10 nm. When read/write operations are needed, the FH is reduced to a lower level, 
such as 5 nm or less, by the thermal protrusion. Currently, the application of TFC 
 
 




technology in HDDs allows the slider-disk clearance to be controlled to as low as 
around 1 nm (Zheng and Bogy, 2012a). 
In general, TFC technology has been employed in all current HDD products 
because of its significant technology advantages. 
2.3 Lubricants 
The lubricant layer of the HDD serves the mechanical purpose of reducing 
friction and wear in the case of unintended slider-disk contact (Khurshudov and 
Waltman, 2001; Choi and Kato, 2003; Gui, 2003; Mate et al., 2005). It also protects 
the magnetic layer from corrosion in case there are defects in the carbon layer (Tomcik 
et al., 2000). The lubricant itself is often a perfluoropolyether (PFPE) long-chain 
polymer (Gui, 2003) with thickness between 0.52 nm, diameter between 0.70.8 nm 
and molecular weight (MW) between 100010000 g/mol. Commonly used lubricants 
in the HDD industry include Z-Dol and Z-Tetraol (Ma et al., 2002a; Mate et al., 2005; 
Guo et al., 2006), which are difunctional PFPE polymers with the same mainchain but 
different end-groups:  
XCF2[(OCF2CF2)n(OCF2)m]OCF2X 
where n/m  1, and X = CH2OH for Z-Dol, and X = CH2OCH2CH(OH)CH2OH for Z-
Tetraol (Ma et al., 2002a). Z-Dol has two end-groups while Z-Tetraol has four end-
groups per chain (Kasai and Raman, 2004; Guo et al. 2006). The end-groups help the 
lubricant adhere to the carbon layer and resist being displaced by the high air pressure 
and air shear in the HDI (Rühe et al., 1994). 
The PFPE lubricant is applied to the disk surface by dip-coating the disk in a 
lubricant-solvent bath. The solvents are hydro-fluoroether such as 3M’s HFE solvent 
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(C4F9OCH3) or DuPont’s Vertrel-XF (CF3CHFCHFCF2CF3) (Johnson et al., 1996). 
The choice of the type of solvent, lubricant, and concentration in the solution is critical 
since it influences the adsorption of the PFPE lubricants onto the carbon surface 
(Waltman et al., 2004). Interaction between the lubricant and the solvent, which is 
driven by the MW and the interaction of the polar end-groups, can also impact the 
lubricant uniformity and thickness. However, the solvent acts as a carrier of the 
lubricant to the disk surface, and once it is fully evaporated it should not impact the 
tribological performance of HDI. The thickness of the lubricant that is left on the disk 
surface can be varied by different concentrations of the PFPE in the solvent and by 
different pull-rates of the disk from the solution (Gao et al., 1995). Figure 2.2 shows 
the lubricant thickness as a function of pull-rate for Z-Dol (MW 4000) with 
concentration of 0.1 wt% in the solution. 
 
 




The engineering of efficient lubrication systems is crucial, and a better 
understanding of these lubricant-carbon interfacial interactions is needed. The 
performance of the lubricant on the disk surface depends on the ratio of the bonded to 
the mobile fraction (bonding ratio). The lubricant needs to be engineered in a way that 
negative lubrication effects in the HDI, as described in the following, are minimized. 
Z-Tetraol has a bonding ratio of approximately 80% due to its four OH-groups 
and the increased bonding interaction with the disk surface. Z-Dol on the other hand, 
has only two OH-groups and a bonding ratio of approximately 50% (Waltman et al., 
2004). Thus Z-Dol has a higher mobility than Z-Tetraol due to the increased non-
bonded fraction of molecules. Even though higher mobility of a lubricant is desirable 
for “self-healing” purposes, high mobility can cause increased stiction between the 
slider and the disk, lubricant transfer to the slider, and spin-off of lubricant at high 
velocities. Intermittent slider-disk contact can increase lubricant transfer to the slider 
(Ma and Liu, 2007), which increases adhesion and consequently may result in failure 
of the HDI. 
As the FH decreases, intermolecular forces influence the interaction between 
the lubricant and the slider. With FH less than 5 nm, intermolecular forces can 
destabilize the slider air-bearing, resulting in the slider exhibiting vibrational motion 
(Liu et al., 2009). Furthermore, it has been demonstrated that the so-called “moguls” 
and “ripples” occur in the lubricant film on a disk surface (Pit et al., 2001) with 
reducing FH. Moguls are correlated with disk waviness, i.e., due to air shear, lubricant 
depletes on the upward part of the waviness of the disk and accumulates in the 
downward slopes. The disk waviness is a long range surface roughness with heights on 
the order of m that can influence the flyability of the slider. The ripples correlate with 
the air-bearing frequencies and are caused by air shear effects. One solution to 
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decrease moguls and ripples on the disks surface is to reduce the disk waviness and the 
thickness of the lubricant, respectively. 
With more-recent developments such as heat assisted magnetic recording 
(HAMR) (Victora et al., 2002; Gao et al., 2004; Rottmayer et al., 2006), where the disk 
surface is heated briefly to a few hundred degrees Celsius during the writing of data, 





) will be needed. As we push to achieve an even higher recording 
areal density, the challenge to develop lubricants that can withstand the more 
demanding conditions at the HDI continues. 
2.4 Contact Recording 
In order to improve the recording density, the FH of the slider has to be 
continually decreased until the contact between the slider and the disk happens. This 
might be the ultimate target with nearly zero mechanical clearance and was defined as 
contact recording technology (Talke, 1997). 
The studies of contact recording began in the early 1990s (Yeack-Scranton et 
al., 1990; Hamilton et al., 1991; Wickert et al., 1992) and targeted to achieve minimum 
head-disk spacing. Contact recording is insensitive to the manufacturing tolerances and 
environmental conditions, such as altitude, humidity and temperature variations, when 
compared with full flying recording. Unfortunately, significant tribological challenges 
(Khurshudov and Waltman, 2001) were encountered with this technology. Contact 
bouncing, wear, particle contamination due to wear, head thermal asperity, lubricant 
pickup on slider, lubricant decay and media corrosion may significantly affect the 
performances and durability of contact recording. Even with these technical challenges, 
the studies of contact recording have not stopped and the technologies are continually 
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improving. Research achievements have benefited not only for contact recording itself, 
but also for full flying recording in which the FH of slider has been reduced to a few 
nanometers where the intermittent slider-disk contact within such a small mechanical 
clearance is almost inevitable. 
2.4.1 Important Slider Designs Related to Contact Recording 
Doan and Liu et al. introduced tripad slider which was also called proximity 
recording slider as during operation there was a contact force of 1–3 mN normally, and 
this could be classified as the partial-flying/partial-contacting slider (Doan, 1997; Liu 
et al., 1999a). So far, the tripad slider seems to be the only slider used successfully in 
commercial HDD with proximity recording. 
Singh et al. proposed the wear-in slider design which was another well-known 
idea in the HDI area (Singh et al., 2004). The idea was to let the new slider and the 
new disk wear for a certain amount of time. After some wear, the surface asperities at 
the lowest FH region would be worn away and the slider and the disk were unlikely to 
be in contact anymore. The wear time might take only 30 s and the debris arisen from 
the wear process would be negligible. After the process of wearing-in, the slider could 
just fly above the disk surface with reduced slider-disk spacing. However, some of the 
useful layers on slider, such as DLC overcoat, might also be worn away and hence the 
durability of the interface would be affected. 
2.4.2 Slider-Disk Contact Detection Technologies 
Contact detection is very important in contact recording technologies. It 
determines whether the slider is in contact with the disk, and evaluates the contact 
force qualitatively. The main methods of contact detection include: 
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2.4.2.1 Acoustic emission (AE) sensor technology 
Slider-disk contact can generate AE and therefore can be monitored by the AE 
method which, due to its simplicity and convenience, has been widely used in the 
industry since it was introduced to detect the slider-disk contact in 1980 (Kita et al., 
1980). As long as the slider is flying, there is little or no AE to be measured. However, 
if the slider comes into contact with the rotating disk, the slider will vibrate, and the 
signal can be detected by the AE sensor. Normally, the AE sensor is mounted on the 
suspension arm (Khurshudov and Talke, 1998; Muenter et al., 2007) which links to the 
VCM, the AE signal is conditioned using a band-pass filter in a certain frequency 
range and displayed on an oscilloscope. AE sensor measures the elastic stress waves 
generated by the contacts made and the output signal is assumed to be proportional to 
the contact force and the disk velocity (Khurshudov and Talke, 1998). However, AE 
method is generally effective in detecting high-intensity and catastrophic slider-disk 
contact. For the investigation of slider-lubricant contact or the so called light contact, 
there were some concerns that the AE sensor may not be sufficiently sensitive because 
of the distance between the mounting point of the AE sensor and the point of contact 
where signals are generated. Despite its limitations, the AE method is still extensively 
utilized as a reference to evaluate the sensitivities of some newly developed 
methodologies used to detect the light contact (Zhang et al., 2009; Xu and Sheng, 
2011). 
2.4.2.2 Piezoelectric transducer (PZT) sensor technology 
A PZT sensor was mounted on the slider and was very close to the contact 
point (Schaenzer et al., 1999; Khurshudov and Ivett, 2003). This technique offered an 
advantage over the placement of the AE sensor. However, the flying performance of 
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the slider is different due to the extra mass of the PZT sensor on the slider, and it is 
also costly to fabricate such PZT sliders. 
2.4.2.3 Thermal asperity (TA) technology 
When the slider is in contact with the disk, the contact region is heated by the 
flash temperatures generated at the slider-disk contact. The heat generated produces a 
type of noise signals called the TA signal over the wanted read-back magnetic signals 
(Khurshudov and Ivett, 2003), causing the overlapped signals to go beyond the 
saturation threshold of the read head, masking the magnetic signals to be read. On the 
other hand, such TA signals caused by flash heating can be used to detect when a 
slider-disk contact occurs. The TA technology offers a very sensitive method for 
slider-disk contact detection. However, TA signals may also be caused by moving 
particles (such as wear debris), lubricant droplets and pooling, and other factors 
(Khurshudov and Ivett, 2003). Therefore, it is difficult to ascertain whether TA signals 
are caused by slider-disk contacts only or by other factors. 
2.4.2.4 Laser Doppler Vibrometer (LDV) technology 
In the early days, LDV measurements were mainly applied to larger structures 
such as automotive components. Original LDV designs were solely based on bulk 
optical components until an improved design incorporating fiber optic light guides was 
reported in 1983 and published in 1985 (Lewin et al., 1985). The initial applications of 
the LDV to the investigation of slider vibration were presented at Intermag’84 (Miu et 
al., 1984) and were reviewed with much more details in 1985 (Bogy and Talke, 1985). 
Unlike previously used optical interference techniques (Lin and Sullivan, 1972), this 
scheme does not require a transparent disk or slider and is capable of detecting 
transient slider motions in an actual hard disk. They measured the slider vibrations in 
the vertical direction, and at different points on the slider. They were also able to 
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calculate the pitch and roll vibrations of the slider (Jeong and Bogy, 1992). Moreover, 
the out-of-plane and in-plane vibrations of a slider, disk run-out, disk surface 
topography, as well as suspension and actuator vibrations were measured with the 
LDV (Bogy and Talke, 1985). 
In the last decade, numerous investigations on the vibration characteristics of 
low-flying sliders during contact with rotating disks using LDV were reported. Among 
them, the effect of lubricant thickness and disk velocity on the pico slider-lubricant 
interaction was investigated with a high bandwidth LDV (Knigge and Talke, 2001b). 
The effect of morphology on FH modulation of a sub-10-nm flying air-bearing slider 
was studied and a new single beam LDV measurement method, which yielded the 
highest resolution with a 2 m beam spot size, was introduced (Thornton et al., 2002). 
A method for measuring the contact potential between the slider and disk by 
monitoring the induced slider motion with a lock-in enhanced LDV while applying ac 
and dc bias voltages was developed (Knigge et al., 2004). In this work, it was found 
that the first harmonic of the alternative current (AC) driving frequency is minimized 
when the direct current (DC) bias voltage cancels the contact potential. 
The characteristics of bouncing vibration of the slider during the touchdown 
and takeoff processes by decreasing and increasing the ambient pressure of the disk 
drive were experimentally investigated with LDV (Ono et al., 2005). A method of 
measuring the dynamic changes in pitch and roll angle of sliders as well as an 
experimental study of slider dynamics with three LDVs were proposed, respectively 
(Kiely and Hsia, 2005; 2006). By these methods, the motion of a slider in the vertical, 
off-track, and down-track directions as well as the motion of pitch and roll from 
vertical spacing measurements at two separate locations could be observed. 
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Recently, LDV has more or less become a standard reference tool in the 
sensitivity study of newly proposed methodologies for monitoring of light contacts 
(Xu et al., 2007; Zhang et al., 2009; Ng et al., 2009). The fast Fourier transform (FFT) 
spectrum from the LDV velocity signal could also be used as an indicator for control 
of the background noise during the experimental study of slider-disk contact (Ng et al., 
2012). The application of the existing methodology such as three LDV methods to 
explore the motion of TFC slider with five degrees-of-freedom (DOF) was reported as 
well (Xu et al., 2009). 
Like most scientific instruments, LDV also has its intrinsic limits. It is difficult 
to differentiate whether the slider is in full flight or is in contact with the disk. 
Moreover, the sensitivity of LDV measurement is heavily dependent on the measuring 
point directed by a laser beam. The complex structure of suspension in current HGA is 
likely to partially block the laser beam and gets the beam deviated from the ideal 
measuring point which may lead to a reduced sensitivity of the LDV measurement. 
2.4.2.5 Read signal technology 
Since inversely proportional to the FH, the read signal is usually used to 
monitor FH variation (Zhang et al., 2009). The noise of the read signal is sensitive to 
the slider-disk contact and therefore can be used to detect the occurrence of slider-disk 
contact. It was reported that the noise of the read signal is more sensitive than the AE 
signals in contact detection (Che et al., 2007). For contact recording, light contact is 
preferred between the slider and the disk. In this viewpoint, read signal technology 
seems more ‘‘appropriate’’ for light contact detection (Liu et al., 2009). 
2.4.3 Short Range Forces and Slider-Lubricant Interaction 
The effects of intermolecular forces (van der Waals forces), electrostatic 
forces and lubricant meniscus forces, which are normally defined as short range forces, 
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become significant and no longer be neglected when the slider’s FH is reduced to the 
range of a few nanometers. Normally, a force balance between the air-bearing force, 
the intermolecular forces and the electrostatic forces, determines the stability of flying 
slider. Short range forces appear as attractive forces at close proximity and may cause 
dynamic instability in HDI. Therefore, it is preferable to reduce the short range forces. 
Intermolecular forces are the non-contact forces that are exerted by the 
electrostatic attraction between molecules and atoms due to their unbalanced electron 
clouds (Israelachvili, 2011) and constitute of a long range attractive force and a short 
range repulsive force (Li et al., 2002). It is meaningful only when the interaction 
surfaces are very smooth. In current HDDs, the intermolecular forces are very strong 
as the average roughness of the slider and the disk surfaces are only a couple of 
angstroms. It was reported that the intermolecular forces begin to attract the slider 
toward the disk when the clearance between slider and disk surface is reduced to less 
than 10 nm, and strongly repel them away when the clearance is reduced to less than 
0.32 nm (Li et al., 2002). Moreover, the intermolecular forces could be as large as 600 
mN when the surfaces are considered as smooth (Thornton, 2003), and could still be 
tens of mN even if surface roughness is considered (Hua et al., 2007). 
Electrostatic force is due to the electric charges and is attractive in nature. In 
HDI, the charge could be resulted from the tribocharging (Wasem et al., 2003), or the 
electrostatic potential difference between slider and disk (Feng et al., 2005). The 
electrostatic charge would produce an attraction force and caused a reduction in the FH 
at small head-disk spacing. Moreover, when the electrostatic charge was strong enough 
to a few volts, an electric discharge might occur and surface damage was expected 
(Song et al., 2004), especially in a humid environment (Lee et al., 2007). 
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The meniscus forces come from the capillary pressure of the lubricant that 
wicks up around the contact points while the contacting parts are at rest (Mate, 2008). 
In HDI, these forces may arise from contact of the slider and the disk. Because of the 
relative moving between the slider and the disk, the lubricant meniscus force is in 
actuality a dynamic meniscus force which is dependent heavily on the shear rate of 
lubricant (the disk velocity divided by the lubricant thickness). During slider-lubricant 
interactions, if there is lubricant pickup on the ABS, some of it may be sheared off 
towards the trailing edge and will accumulate behind it (Marchon et al., 2003). The 
accumulation of lubricant on the low-flying slider area as well as on the disk would 
cause lubricant-lubricant adhesion forces or meniscus forces as these forces may 
induce a meniscus bridge between the slider and the disk. For a current HDD, the shear 
rate of the molecularly thin lubricant can be as high as 2  1010 1/s as the disk velocity 
is typically around 24 m/s and the lubricant thickness is 1.2 nm. At such a high shear 
rate, the ultra-thin lubricant behaves more like a semi-solid instead of liquid (Sinha et 
al., 2004). It was reported that the viscosity of lubricant decreases as the increase of the 
shear rate in a power law of -2/3 when the shear rate exceeds a critical value (Hu et al., 
1996). However, it is quite difficult to measure dynamic lubricant meniscus force 
directly at extremely high shear rates. 
On the experimental side, traditional sliders were brought into the near-contact 
and contact regime by lowering the disk rotations per minute (RPM), and the ensuing 
slider vibrations were investigated using various techniques (Wang et al., 2001b; 
Knigge and Talke, 2001a; Kiely and Hsia, 2006; Kiely and Hsia, 2008). Slider 
dynamics resulting from stronger slider-lubricant interactions at small spacing were 
also studied (Dai et al., 2003; Pit et al., 2003; Dai et al., 2004). Experimental 
investigation of short range forces was conducted by studying the hysteresis between 
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the touchdown and the takeoff of a full flying slider. The presence of intermolecular 
forces could be determined by monitoring the touchdown RPM while the meniscus 
forces could be determined by takeoff RPM (Ambekar et al., 2005). It was reported 
that the hysteresis was related to the lubricant thickness and the percentage of mobile 
lubricant (Ambekar et al., 2005; Demczyk et al., 2005; Tagawa et al., 2005). In general, 
thicker lubricant seems to have lower touchdown and takeoff RPM (Ambekar et al., 
2005), or lower touchdown and takeoff pressures (Demczyk et al., 2005; Tagawa et al., 
2005; Tagawa et al., 2007). Base on the multilayer model equation for calculating the 
intermolecular force between the slider and the disk (Ambekar et al., 2005), the 
Hamaker constant depends on the refractive index of a material. A change in lubricant 
thickness causes changes in the Hamaker constant and thus the intermolecular forces 
between the slider and the disk. As the Hamaker constant for DLC is greater than that 
of the lubricant. The higher the thickness of the lubricant, the less the influence of disk 
DLC on the HDI. Consequently, a decrease in the intermolecular force maybe 
expected when lubricant thickness is increased, which therefore may lead to the change 
of touchdown and take off performance of a full flying slider. 
For realizing the contact recording, the contact pad on slider should avoid of 
touching with the disk DLC, and is preferred to only make contact with lubricant. The 
contact pad should also be small, and therefore will be less influenced by the 
intermolecular force (Li et al., 2002) and the electrostatic force (Feng et al., 2005). 
Moreover, the contact pad should have small surface energy to prevent lubricant 
pickup. Only after these as well as a few potential additional issues are better 
understood, can contact recording be utilized in HDD. 
With the goal of meeting future spacing needs, a partial-contact HDI system 
was explored as well. It was shown through experiments and simulations that a small 
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contact area and low contact/friction forces at the HDI are necessary to have low 
vibration and good wear performance (Mate et al., 2004; Xu et al., 2005; Chen and 
Bogy, 2007). By employing resistive heating induced thermal deformation, TFC 
technology enables the read/write element of the slider to be brought closer to the disk. 
In this manner, the FH can be better controlled. Together with the spherical pad at the 
trailing edge, the thermal protrusion slider is a possible approach to the successful 
application of contact recording in the future. However, while sub-nanometer level 
clearance can be achieved using TFC technology, slider stability and HDI reliability at 
very small spacing still remain to be better understood. 
2.5 Lube-Surfing Recording 
2.5.1 Introduction 
As a continuous lubricant-contact HDI may in fact be necessary to meet future 
magnetic spacing needs, it is imperative to explore whether the existing HDI scheme 
can be further implemented or the new interface scheme needs to be developed to 
overcome such an interface stability barrier and to push the magnetic spacing to sub-3 
nm regime. 
The HDI schemes reported up to now can be classified as in-contact and in-fly 
recording schemes. In-contact recording scheme refers to the case that the slider or the 
trailing pad of the slider is fully or mainly supported by the contact force. In-contact 
recording scheme is a successful technology for floppy disk drives and magnetic tape 
drives. It has also been an interesting research topic (Hamilton et al., 1991; Sato et al., 
1997; Liu et al., 1999b; Mate et al., 2004) for HDI design of magnetic HDD. The main 
advantage of such a scheme is that it can minimize the mechanical mean-plane spacing 
between the slider and the disk. The major concerns of such a scheme include the 
contact-induced surface wear and contact-induced position vibrations in both vertical 
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(FH) and in-plane (off-track and down-track) directions (Itoh et al., 2001; Mate et al., 
2004; Yu et al., 2007). 
The in-fly recording scheme refers to the head-disk systems in which the slider 
flies over the disk surface. The slider is fully supported by the air-bearing force. The 
beauty of this scheme is that the slider is fully supported by the air-bearing force. The 
high stiffness air-bearing cushion formed between the slider and the disk surfaces 
prevents slider from contacting the disk. As a result, the surface wear and the contact-
induced vibrations are minimized during the read/write operation periods, and the 
overcoat required to protect the slider and disk surfaces can be thinner, comparing with 
the in-contact recording scheme. The in-fly recording scheme has been used 
successfully in HDD for the past 60 years. In fact, the air-bearing technology and the 
corresponding in-fly recording scheme can be rated as the most long-lasting and 
impactful technology for the long time success of HDD. 
Slider and slider air-bearing technologies which can reduce the FH to a level 
as low as 3 nm, aiming to push the recording density towards 1 Tbits/in
2
 and beyond, 
had been reported (Liu et al., 2005; Liu et al., 2007; Yu et al., 2007). However, 
pushing the areal density towards 510 Tbits/in2 requires the magnetic spacing to be 
reduced to sub-3 nm, which implies a physical spacing of 0.25 nm at the read/write 
transducer location. Assuming the surface roughness of the slider and the disk can be 
reduced to 0.2 nm and 0.12 nm, respectively, computational results indicated that the 
roughness limited mean-plane spacing is still as high as about 1 nm (Liu et al., 2007). 
Moreover, lubrication is necessary and lubricant thickness is about 1 nm. Therefore, 
the conventional in-fly scheme itself may not be able to support such a magnetic 
spacing, as it is difficult to find space to house the air-bearing cushion between the 
slider and disk surfaces. 
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An exploration of a possible new approach to further reduce the magnetic 
spacing was reported (Liu et al., 2008a). The approach is referred as “fly and lubricant 
contact recording” which is expected to be a lube-contact scheme and should not result 
in any easily detectable AE signals. In one of their papers, Liu et al. used the term 
“lube-surfing recording” for a better description of the concept (Liu et al., 2009). The 
lube-surfing recording scheme combines the major advantages of in-contact and in-fly 
recording schemes: the tiny protruded read/write head area surfs on the lubricant 
surface with sub-nanometer penetration into the lubricant whilst the majority of the 
slider body functions fly over the lubricant, as shown in Figure 2.3. The contact depth 
(or lube-surfing depth) should be only a small fraction of the lubricant thickness and 
can be controlled by the combination of the advanced air-bearing technology, slider-
lubricant contact detection technology and nano-actuator based head position control 
technology. 
The technologies to sense the slider-lubricant contact status and to adjust the 
vertical position of the read/write head are important for the proper switching between 
 
 




the two states. The thermal nano-actuator (Meyer et al., 1999; Liu et al., 2003; Juang et 
al., 2006; Miyake et al., 2007) can be used to actuate the position of the read/write 
head in vertical direction. Another advantage of the lube-surfing recording scheme is 
that the read/write head can penetrate into the lube layer. As a result, it is not necessary 
to reduce the lubricant thickness to sub-nanometer level to further reducing the 
magnetic spacing. In other words, it allows a thicker layer of lubricant on the disk 
surface to achieve a better chemical protection of the disk surface whist still achieving 
an ultra-low spacing between the read/write head and the media. Obviously, the 
interface condition of the “lube-surfing recording” scheme is quite different from that 
of the proximity recording used in the 1990s. 
2.5.2 The Challenges and Approaches for Lube-Surfing Recording  
The concept of lube-surfing recording has received much attention since it was 
proposed. However, there are still limited theoretical and experimental works to verify 
the feasibility of this technique (Chen and Bogy, 2007; Liu et al., 2008a; Liu et al., 
2009; Yu et al., 2009; Hua et al., 2009; Li et al., 2009; Zheng and Bogy, 2010; Li et al., 
2010). 
There are many challenges in realizing the lube-surfing recording, such as 
technologies for slider-lubricant contact detection (Zhang et al., 2009), nano-actuator 
and active in-situ contact depth control (Juang et al., 2007), advanced air-bearing slider 
design for well following disk waviness (Liu et al., 2008b), lubricant transfer and 
slider-lubricant interactions (Mate et al., 2005; Ma and Liu, 2007) etc. Among them, 
one of the critical issues is how to differentiate the slider-lubricant contact status from 
the slider-flying status and the slider-overcoat contact status. The other important thing 
is the advanced air-bearing design so as to make sure that the trailing pad of the slider 
can perfectly follow the run out and waviness of the disk surface. A proper feedback 
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control is therefore required to assure that the slider is surfing on the lubricant surface, 
and not having a solid-contact with the overcoat. Lube-surfing status could be achieved 
by turning on the nano-actuator and using it to drive the read/write head area of slider 
to touch the lubricant and surf on it (Liu et al., 2008a; Liu et al., 2009). Finally, how to 
sustain the HDI stability when the slider surfs on the lubricant is also very important. 
Both the feasibility of a stable surfing interface and the mechanism of the slider’s 
dynamic stability in surfing recording needed to be explored further.  
Preliminary experimental investigations with TFC technology have shown that 
slider-lubricant contact may be successfully achieved by carefully controlling the 
heater power. The lubricant surface plays an important role in determining the physical 
clearance and slider FH, and the slider dynamics is dependent on the extent of slider-
lubricant contact (Canchi and Bogy, 2010). It is also found that the TFC slider often 
exhibits a strong bouncing vibration at a critical point which is commonly termed the 
touchdown power (TDP) (Canchi and Bogy, 2010; Li et al., 2010). Thus, it is 
important to determine in what range of TFC power the slider can sustain a stable 
flying state to make the surfing-recording scheme feasible. By their experimental 
investigations, Liu et al. suggested that contact depth control is important for surfing-
recording scheme and it is possible to realize stable slider lube-surfing on the lubricant, 
if the contact depth were within a certain range (Liu et al., 2009). The contact force 
and induced vibrations increased significantly if the contact depth were beyond such a 
range. In addition, they also indicated that the read sensor of the HDD could be one of 
the most promising detectors for monitoring the slider-lubricant contact (Liu et al., 
2009; Zhang et al., 2009). Moreover, in the experimental work using specific slider 
designs (Canchi and Bogy, 2010), a sudden drop in AE signal and slider excitation was 
observed when the TFC power was increased beyond TDP. This phenomenon had 
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been speculated to be the lube-surfing regime, but the evidence in this work pointed to 
the contrary: the slider appeared to attain a secondary (stable) flying state without any 
lubricant-contact. Further experimental investigations on slider-flying status before 
lube-contact plus with studies on lubricant selection, the effect of lubricant-dynamic 
behavior and how to maintain proper lubricant contact, etc. will therefore be necessary. 
Numerical investigations using dynamic simulations have shown that a lube-
surfing status could be realized within certain protrusion height limits (Liu et al., 2009; 
Hua et al., 2009). In those works, the lubricant was modeled as a soft solid layer that is 
plastically deformed under contact. A power law was adopted for calculating the 
contact force. However, for the adhesion force, the deformation profile at contact was 
not considered. By including the sub-boundary lubrication model based on the 
classical Deryagin-Muller-Toporov model, an instability region was found as a TFC 
slider came into contact with the lubricant or the disk surface roughness through 
increased thermal protrusions (Zheng and Bogy, 2010). The slider maintained a stable 
equilibrium state in light contact with the lubricant; but stability was lost when the 
contact got more severe; and the stability returned as the slider enters deep-contact 
with the disk roughness. 
Existence of such an instability region is related to the fast growth of adhesion 
force which is not balanced by the increase in the air-bearing lifting force. This growth 
in the adhesion force is mainly caused by the increase in the lubricant-contacting 
adhesion force. The effects of lubricant thickness and protrusion steepness on this 
instability region were numerically investigated as well (Zheng and Bogy, 2010). A 
thinner lubricant layer was beneficial for reducing the critical FH beyond which 
instability occurs. Furthermore, the stability of HDI at near-contact regimes was 
investigated by the potential energy curves of a single degrees-of-freedom (DOF) 
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model and dynamic simulations of a full 3-DOF HDI model, respectively (Yu et al., 
2009). The results of both studies showed that there were four HDI states when the 
slider approached the disk, including flying, bouncing, surfing and sliding states. The 
results also indicated the feasibility of a stable lube-surfing interface with proper 
combinations of interface forces. It is important to note that these results depend very 
much on specific slider designs. 
2.6 Current and Future Technologies for Magnetic Recording 
2.6.1 Perpendicular Magnetic Recording (PMR) 
Longitudinal magnetic recording (LMR) has traditionally been used in the 
magnetic storage of HDD. Its magnetic bits are oriented parallel to the disk surface. 
PMR is currently being introduced in commercially-available HDD products. 
Figure 2.4 shows a schematic of PMR in which the magnetization direction of 
bits is oriented perpendicular to the disk surface. As seen in Figure 2.4, an additional 
magnetically soft underlayer is added in PMR compared to LMR. The thermal stability 
of a bit is proportional to the product of its volume and the coercivity of the magnetic 
material used. An increase in the volume of a bit and an increase in the coercivity 
 
 




results in an increase in the thermal stability of a single bit. Magnetic materials with a 
high coercivity require strong write fields. The magnetically soft underlayer can be 
considered as a part of the write head and used to achieve a stronger write field 
strength of magnetic heads (Bertram, 1994). However, PMR is only a short-term 
solution; its ultimate areal density is expected to be limited to about 1 Tbits/in
2
 
(Victora et al., 2002; Gao et al., 2004). 
2.6.2 Bit Patterned Media Recording (BPMR) 
One of the promising approaches towards achieving ultra-high densities in 
excess of 500 Gbits/in
2
 is to partially or completely isolate each magnetic bit from its 
neighboring bits, thereby reducing cross talk and transition noise between adjacent bits 
(Soeno et al., 2003). This so-called “patterned media” approach can be implemented in 
the form of discrete track recording (DTR) or BPMR.  
In Figure 2.5, the schematic of DTR and BPMR are depicted. In DTR, the 
magnetic information is stored along circumferential tracks. The tracks are physically 
separated from each other, resulting in an elimination of transition noise in the radial 
direction of the disk. Transition noise is still present in the circumferential direction of 
the disk (Soeno et al., 2003). An increased signal-to-noise ratio (SNR) and a better 
 
 




write efficiency has been reported for DTR (Soeno et al., 2005; Wachenschwanz et al., 
2005), supporting the idea of DTR as a technology for future high areal density 
magnetic recording. It has been demonstrated at spin stand tester level that an areal 
density of 600 Gbits/in
2
 could be achieved with DTR technology (Tang et al., 2008). 
The width of the tracks at such a density was reported to be 30 nm. The tracks were 
separated by a distance of 30 nm. 
In BPMR the information is stored in single “pillar-like” structures on the disk 
surface. The bits are physically separated from each other, resulting in the elimination 
of transition noise in both radial and circumferential direction of the disk. At a storage 
density of 1 Tbits/in
2
, each bit would be stored in a pillar with a diameter of 
approximately 12 nm. The bits would be separated by a distance of 12 nm. Richter et 
al. showed that BPMR technologies allow an increase in areal density of up to 5 
Tbits/in
2
 (Richter et al., 2006). 
While BPMR technologies seem to be a promising approach for ultra-high 
areal densities, cost efficient manufacturing technologies for BPMR disks have yet to 
be developed. Without a cost efficient way of producing patterned media disks, it 
seems unlikely that BPMR technologies will be implemented. 
2.6.3 Heat Assisted Magnetic Recording (HAMR) 
Thermal stability or SNR related problems will constrain the growth in areal 
density for PMR (Bertram and Williams, 2000; Victora et al., 2002; Gao and Bertram, 
2003; Gao et al., 2004; Rottmayer et al., 2006). HAMR is a promising approach for 
increasing the storage capacity of future HDD (Wood, 2000; Zhang et al., 2006; 
Kryder et al., 2008; Pan and Bogy, 2009). 
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In HAMR, a magnetic material with very high coercivity is used, resulting in 
an increase in the magnetic energy of a single bit. Since the write field strength of 
current magnetic heads is not strong enough to write on the materials with very high 
coercivity, a bit to be written is heated up prior to writing to a temperature above the 
Curie temperature. The write process in HAMR can be described as follows: 
1. The bit cell is heated above its Curie temperature. 
2. During cooling, when the temperature is slightly below the Curie temperature, 
the magnetic write field aligns the bit in the desired direction. 
3. While the magnetic write field is applied, the material cools down, leaving the 
desired magnetization “frozen” in the bit cell. 
As shown in Figure 2.6, laser is used to heat the magnetic material locally, 
prior to writing. Temperatures on the order of several hundred degrees Centigrade are 
likely to be required in HAMR (Zhang et al., 2006). In March 2012, Seagate 
announced that the company had demonstrated the first 1 Tbits/in
2
 HDD with HAMR 
technology (Anthony, 2012), which is almost doubling the areal density found in 
 
 




modern HDD (612 Gbits/in
2
, Tanahashi et al., 2009). Theoretically, HAMR 
technology has a limit of up to 50 Tbits/in
2
. It has the potential to be extended to much 
higher densities, possibly as high as 300 Tbits/in
2
, with some combination of the 
BPMR and HAMR approaches in the future (McDaniel, 2005). Recently, TDK 
demonstrated its 1.5 Tbits/in
2
 areal density with a hybrid technology including TDK’s 
magnetic head for HAMR writing and Showa Denko's disk platter based on 
perpendicular magnetic recording with DTR superimposed on it (Owano, 2012). This 
areal density demo is the highest ever reported so far. 
Figure 2.7 summarizes possible technology transition paths to push beyond the 
superparamagnetic limit. Recording with energy assist on BPMR or two-dimension 
magnetic recording (TDMR) (Wood et al., 2009) will theoretically enable areal 
densities beyond around 5 Tbits/in
2
. Furthermore, areal densities of about 100 Tbits/in
2
 
could be achieved based on the thermal stability of known magnetic materials. 
 
 




However, none of these options show a clear problem-free solution at this moment 
(Shiroishi et al., 2009). 
2.7 Tribocharging and Tribo-Current 
As the tribocharging and tribocharging induced tribo-current will be used as 
means to monitor slider-lubricant interactions in most of the experiments reported in 
this thesis, a review of the relevant research work is presented below. 
Tribocharging is the process whereby a charge exists on a material after the 
parting of solid/solid or solid/fluid contacts (Harper, 1967). It can be observed in a 
variety of system when two different materials are brought into contact and 
subsequently separated. 
Tribocharging is very system specific. In HDD as the slider to disk spacing 
continues to decrease to facilitate higher recording densities, slider-disk interactions 
have become much more severe due to slider’s direct contact with the disk or at least 
with the lubricant on the disk surfaces. The tribocharging, which is due to the buildup 
of electrical potential between the slider and the disk caused by intermittent contacts, 
and potential difference that exists between slider and disk material (Baumgart et al., 
2007), therefore becomes one important effect associated with intermittent slider-disk 
contacts. 
Tribocharging system in HDD is complicated and involves multilayers of 
metals and insulators, a thin lubricant layer, and a complex contacting surface. As the 
recording head slider and the disk are both made of reasonably well conducting 
materials (sintered Al2O3-TiC in the slider and a magnetic layer of cobalt based alloy 
in the disk media), the tribocharging mechanism in HDI can be classified into 
conductor-conductor contact (Mate, 2008) and the interaction between the slider and 
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the disk may be modeled as a quasi-parallel capacitor (Brezoczky and Seki, 1990; 
Feng et al., 2003; Mate, 2008). The slider and the disk may act as opposite plates of a 
capacitor. Since the slider and the disk materials are dissimilar, a significant contact 
potential is expected. When an electrical connection is made between the well-
insulated slider and the disk, electrons flow to bring the system into thermodynamic 
equilibrium, which occurs when the conductor’s Fermi levels equilibrate to the same 
energy (Harper, 1967). 
The importance of tribocharging on slider-disk tribology and reliability has 
been implied in various studies and applications, as evidenced by the investigations in 
both fundamental studies of tribocharging mechanism and applications of 
tribocharging/tribo-current for FH control and contact detection. Despite decades of 
study, the details of how tribocharging happens are still only poorly understood. The 
pioneering work can be traced back to the book “Contact and frictional electrification” 
by Harper (1967) and the highly-cited paper “Contact electrification” by Lowell and 
Rose-Innes (1980). In both works, the understanding of the fundamental mechanisms 
by which charge transfers from one insulator to another during contact is well 
elaborated. 
One of the earliest studies on the subject of tribocharging in the HDI of HDD 
was published in 1990 (Brezoczky and Seki, 1990), where it was suggested that a 
triboattractive force may exist between the slider and the disk due to electric charge 
generated by triboelectricity. In the study, the nature of triboattractive force was 
investigated by both the experimental measurement of the surface potential of the 
slider shortly after sliding and numerical analysis with a parallel capacitor model. They 
found that the observed magnitude of the contact potential is lower than expected 
mainly due to the discharge by atmospheric breakdown, and the main discharge 
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process is not dielectric breakdown but tunneling at asperities whose tips come within 
tunneling range. In addition, an important point was reported that the van der Waals 
force is present without motion, while the triboattractive force requires relative motion 
to be sustained. Nakayama et al. have published a significant number of results on the 
subject of tribocharging including two experimental studies on tribocharging/emission 
to explore the interactions at the HDI of HDD (Nakayama and Ikeda, 1996; Nakayama 
and Nguyen, 2000). They found that the intensity of tribocharging/emission increases 
with the resistivity of material and with the severity of surface damage in the sliding 
contacts. They also indicated that decomposition of PFPE lubricant by the high 
triboemission is due to the high hydrogen content of the carbon film under the PFPE 
lubricant. 
The high precision in the atomic force microscopy (AFM) (Binnig et al., 1986) 
based techniques allows for the study of tribocharging between materials. It has been 
hoped that this technique, with its ability both to measure the electrostatic force and 
surface potential on the nanometer scale, would quickly clarify our understanding of 
tribocharging. In the late 1990s and early 2000s, some attempts to better understand 
the origin of tribocharging within HDI by using AFM based techniques were reported. 
Based on a vibrating Kelvin probe, Novotny and Karis studied surface potential on 
lubricated magnetic disks and found the surface potential become more negative when 
PFPE type of lubricants was applied to carbon coated disks (Novotny and Karis, 1997). 
The investigation of the changes in the tribocharging when scanning a tip on 
both lubricated and unlubricated disk surfaces by using a scanning polarization force 
microscopy (SPFM) was reported (van den Oetelaar et al., 2001). With SPFM, a 
sinusoidal voltage is applied to the contacting AFM tip. When the tip is brought within 
a few tens of nanometers of the sample, it starts to interact with the sample surface and 
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oscillates due to the attractive electrostatic polarization force between the tip and the 
sample. With the help of lock-in amplifiers, the ac response of cantilever deflection is 
separated into first and second harmonic components, the amplitudes of which in 
general contain information on the surface potential and topography, respectively. 
They suggested that several different mechanisms are responsible for the observed 
changes in surface potential or tribocharging. Since the decay time of the surface 
potential depends strongly on oxygen and water vapor, they proposed that this 
transient component occurs due to the removal of oxygen bound to the surface during 
scanning. The non-transient component was proposed to originate from charges that 
are created during the scanning process, being trapped in states in the energy gap of the 
insulating carbon film. Moreover, they found that a positive charge was delivered to 
the media, and that the decay of surface charge was reduced in the presence of 
monolayer lubricant coatings, which however is contrast to the results observed by 
another similar study (Wasem et al., 2003) in which the tribocharging induced tribo-
current was investigated by contact sliding of both stainless steel and glass styli on a 
PFPE lubricated PTFE polymer surface. By this study, Wasem et al. found that the 
fluid state itself is no barrier to contact charging and transport, and the negative charge 
generated on the PTFE surface is relatively immobile in the absence of a lubricant, but 
displays significant mobility in the presence of a PFPE lubricant. The contrasting 
charge is likely due to the different material couple in contact. van den Oetelaar et al. 
attributed the decay of surface charge to a reaction with atmospheric O2, perhaps 
accelerated by H2O vapor (van den Oetelaar et al., 2001). 
Recently, a methodology was demonstrated to determine the contact potential 
at HDI on the drive based tester (Knigge et al., 2004). In the study, a bias voltage with 
dc and ac components was applied to the slider via the suspension, and the disk was 
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grounded. A LDV measured velocity of the slider trailing edge. A lock-in amplifier 
measured first and second harmonic of the LDV velocity signal at the ac driving 
frequency (typically at an air-bearing frequency). They found that the first harmonic of 
the ac driving frequency is minimized when the dc bias voltage cancels the contact 
potential. With this proposed method, they reported the contact potential at a typical 
HDI is ~0.3 Volts with the head positively charged, but ranged between -1 and +1 V 
depending on the experimental setup. Moreover, this method could be applied to 
investigate the mechanical uncertainty of HDI and the surface potential difference 
induced by lubricant transfer or modification in HDI (Zhang et al., 2010). 
Feng et al. also studied tribocharging with an in-situ technique that utilizes a 
magnetic read-back signal as the contact potential probe. They found the tribocharging 
in HDI is in the range of -0.2 to -0.9 V which is mainly from surface potential due to 
either adsorbed layer or surface coating (Feng et al., 2005). In their earlier work on the 
drive based tester, Feng et al. measured the tribocharging/emissions levels while the 
inductive or MR head flew over the disk surface (Feng et al., 1999). They suggested 
that the generation of tribo-current is associated with sliding contact or intensity of 
slider-disk interference and stronger interaction occurs for disk without lubricant 
leading to higher tribo-current or voltage buildup. They also found the same 
phenomena as reported in a separate study (Nakayama and Ikeda, 1996) that higher 
tribocharging/emission is expected on carbon overcoat of high resistivity and proposed 
to use the charge buildup to control the FH of slider for some special tribology tests. 
Interestingly, they found there is no apparent surface damage or cracking in their work, 
suggesting the rubbing of HDI at high speed, rather than surface film damaging, 
appears to be the reason for the charge generation (Feng et al., 1999). 
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On a spin stand based tester, Kiely and Hsia measured tribo-current flow and 
charging buildup by dragging a slider on the laser zone texture (Kiely and Hsia, 2002). 
They found that tribocharging can accumulate on surface due to slider-disk contact and 
generate up to a 0.5 V potential difference in the HDI. Comparing the tests with and 
without ionizers, they indicated that steady-state tribocharging involves a balance of 
charge accumulation and dissipation. They also experimentally and numerically 
investigated two ubiquitous tribocharging mechanisms: transfer of electrons through a 
contact potential difference or surface potential difference (Lowell and Rose-Innes, 
1980) and transfer of material through wear-induced triboemission (Nakayama and 
Ikeda, 1996) and suggested that the mechanism of wear-induced tribocharging is more 
accurate. 
The effect of tribocharging on the redistribution of lubricant under different 
relative humidities was investigated as well (Suk, 2005). It was found that lubricant 
can massively redistribute itself due to tribocharging and this behavior is quite 
dependent on the relative humidity of the system. 
In addition, some other research undertaken to investigate the phenomena of 
and effects from tribocharging in the HDI under different conditions were reported. 
Park et al. studied experimental phenomena of tribocharging buildup and tribo-current 
flow with contact start stop (CSS) tests, and numerically investigated the effect of 
tribocharging on trajectories of contaminant particles at HDI (Park et al., 2004). They 
observed a good correlation between the current and the AE signal. The saturation 
tribo-current of their experiment is around 0.2 nA in the constant speed regime. They 
concluded that the tribo-current is independent of the slider-disk interaction time. In 
their subsequent work, they measured the tribo-current/voltage buildup generated at 
increasing disk acceleration and studied the effects of relative humidity on the 
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tribocharging buildup (Lee et al., 2007). They found the tribo-current/voltage was 
generated during pico-slider-disk interaction and that its level was below 250 pA and 
0.5 V, respectively. Tribo-current/voltage build-up was reduced with increasing disk 
acceleration. Higher humidity conditions (75–80%) yielded lower levels of tribo-
current/voltage. Hu et al. studied tribo-current at slider flying and touchdown during 
disk deceleration, slider dragging on disk surface, and slider takeoff as well as flying 
during disk acceleration (Hu et al., 2009). They observed that a higher tribo-current 
appears earlier for a disk with larger initial velocities and tribo-current ripple appears 
while the intermittent contact between slider and disk happens. 
Tribocharging/tribo-current can intensify slider-disk contact and result in 
damage of the HDI and the redistribution of lubricant. On the other hand, however, 
tribocharging and its induced tribo-current could be used to control and investigate the 
slider-disk interaction. In the last decade, a number of inventions making use of tribo-
current as a probe or a detector to monitor slider-disk spacing and contact have been 
disclosed by the groups from SAE Magnetics (HK) and Hitachi Global Storage 
Technologies (HGST), respectively (Feng et al., 2003; Zhang et al., 2005; Fu et al., 
2006; Baumgart et al., 2010; Feng et al., 2012). 
These two groups have been actively exploring these methodologies for both 
FH control and contact detection with different ideas including tribocharging and 
tribocharging induced tribo-current. Their works can be divided into applications of 
tribo-current to the systems with traditional (non-TFC) and TFC sliders. The common 
points from the works with non-TFC slider are: applies a FH control voltage across the 
capacitor like HDI to adjust FH of the slider, which is something like an electrostatic 
force control technology (Chen et al., 2001); and study the tribocharging/tribo-current 
due to the slider-disk contact or interference; and the slider is isolated from the rest of 
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the system so the electrical current generated at the HDI may be more easily measured 
(Feng et al., 2003; Zhang et al., 2005; Feng et al., 2012). 
In the other two patents, the applications of TFC slider for active FH control 
and for pre-contact detection and active damping of air-bearing vibrations were 
proposed, respectively (Fu et al., 2006; Baumgart et al., 2010). In these inventions, 
they further modified the testing system by either introducing current-limiting ballast 
between heater element and slider body, which limits the current flow into the slider 
body to prevent potential damage to the HDI (Fu et al., 2006) or applying an antenna 
element for capacitively coupling the slider with a hard disk by using a TFC heating 
element (Baumgart et al., 2010). In addition, Baumgart et al proposed a method to 
purposely control the air-bearing vibration by applying an alternative current (AC) 
signal to the slider via TFC heating element. They declared that with their invention ac 
signal can be used both to detect a pre-contact and to dampen the air-bearing vibration 





Materials and Experimental Methodologies 
3.1 Sliders and Disks for the Experimental Investigations 
3.1.1 Sliders 
One of the very important evolutions in the magnetic hard disk drive (HDD) 
technology was the introduction of the hydrodynamic air-bearing utilizing a slider to 
carry the read/write head. The air-bearing based flying slider is being widely used in 
the current HDD while the slider’s size has been greatly minimized as illustrated in 
Figure 3.1. If the slider introduced in 1975 is defined as a standard slider which has a 
size form factor of 100%, the sliders can be classified as micro, nano, pico and femto 
sliders according to its relative form factor to the standard slider. 
The sliders used in all the experiments reported in this thesis can be further 
classified into non-thermal flying height control (TFC) (conventional) and TFC sliders. 
 
 




The non-TFC sliders used in this thesis are Panda series sliders which will be 
introduced with more details in the following section. The TFC sliders used in this 
thesis are commercially-available ones and are called pemto TFC sliders with a form 
factor of 1.25  0.7  0.23 mm. The p in the name is from pico and –emto is from 
femto, which means the pemto slider has a mixed form factor that is smaller than pico 
but larger than femto slider. 
3.1.1.1 Panda sliders – the non-TFC sliders 
To meet the demanding requirements of slider’s flying height (FH) stability at 
extremely low FH, a series of Panda sliders, which include Panda II, Panda III and 
Panda IV, were designed and fabricated (Liu, 2005; Liu et al., 2007). The sliders are of 
femto form factor as shown in Figure 3.2. The gram load for all sliders is 0.8 g (7.8 
 
 
Fig. 3.2 Three types of Panda sliders (Liu, 2005; Liu et al., 2007). 
 




Pitch      
(µrad) 
Roll      
(µrad) 
Pmax            
(atm) 
Width of pad 
trailing most 
(µm) 




Panda II 2.52 115.4 8.16 20 50 0.00423 
Panda III 2.53 116.5 3.29 38 80 0.00774 




mN). The minimum FH and pitch angle of all the three types of sliders are around 2.5 
nm and 115 rad, respectively. The z-height of Panda II, III and IV are 25, 29 and 25 
mil, respectively. The Panda sliders are of one main cavity and two shallow steps 
(main shallow step and sub-shallow step). The advantage of dual shallow step concept 
is its ability of concentrating the air pressure to a small area. 
Table 3.1 is the summary of their parameters. Compared with the Panda III 
design, the Panda II and Panda IV sliders are of smaller surface size at their outmost 
trailing pad. Therefore, the short range forces acting on Panda II and Panda IV sliders 
are smaller. The maximum air pressure of Panda II and Panda III sliders is 20 atm 
(2.03  106 Pa) and 38 atm (3.85  106 Pa), respectively, while the maximum air 
pressure of Panda IV slider is around 130 atm (1.32  107 Pa). In other words, Panda 
IV slider has a relatively higher air-bearing effect, compared with Panda II and Panda 
III sliders. Panda IV design is aimed at achieving high FH stability at various possible 
minimum FH values. As illustrated in Figure 3.3, Panda III slider is of strong air-
bearing force and air-bearing stiffness. However, its pad size is also large, compared 
with Panda II and Panda IV sliders. Therefore, it is of large intermolecular force and 
the corresponding stiffness. As a result, the total stiffness of Panda III slider is higher 
than that of the Panda II slider but its zero stiffness point is almost the same as that of 
Panda II slider. The significant increase of maximum air pressure for Panda IV slider 
increases its air-bearing stiffness. Such a high pressure and pressure concentration 









Fig. 3.3 Force plot of three types of low flying height sliders (pitch fixed at 115 µrad). Panda 
IV slider is of large air-bearing force and small intermolecular force (compared to 
Panda III slider). The full air-bearing domination of Panda IV slider can be extended 



















































































































































































































3.1.1.2 Pemto TFC sliders 
The commercially available pemto form factor TFC sliders, as shown in 
Figure 3.4, were used in some of the experiments reported in this thesis. The FH of 
such TFC sliders is around 9 nm at 5,400 rotations per minute (RPM) when there is no 
TFC. The working range of the heating voltage which is used to drive the thermal 
protrusion of TFC slider is from 0 to 4.5 Volts. The resistance of the heating element 
in the TFC slider is around 100 . 
3.1.2. Hard Disk Media 
In total, four types of disk media were used in experiments reported in this 
thesis. The first type of disk media is commercially available 2.5-inch glass disk media 
which will be used for experimental studying of slider-lubricant interaction with 
electrical/tribo-current. According to the published data, the lubricant of the disk 
normally is Z-Tetraol and the lubricant thickness is around 12 Å with a bonding ratio 
of 80%. The surface roughness of the disk is 2.5 Å in Ra and 3.1 Å in Rq, which are 
   
 




measured with AFM at a scan size of 10 m by 10 m. 
The second type of disk media is commercially available 3.5-inch aluminum-
magnesium (Al-Mg) disks. The average surface roughness Ra is about 3 Å and glide 
height is about 3~3.5 nm as measured with a MG4000 Burnish/Glide/Certifier. To be 
specially prepared for the investigation of lubricant transfer, the disk was made with a 
lubricant step. About half of the disk surface was rinsed in the solvent (DuPont™ 
Vertrel® XF) to remove the mobile lubricant and only bonded lubricant was left. 
The third type of disk media is specially prepared for the experimental 
investigation of slider-lubricant interaction with conductive AFM (C-AFM). The 
commercially available 3.5-inch un-lubricated Al-Mg disks were dip-coated with Z-
Dol 4000 (0.1 w%, Solvent: DuPont™ Vertrel® XF) with different thicknesses by 
controlling the withdrawal speed or pull-rate of the home-made mini luber. The 
corresponding thicknesses of the lubricants were estimated thereafter by interpolating 
the pull-rate into the calibration curve, as shown in Figure 1.9, which was 
predetermined with x-ray photoelectron spectroscopy (XPS) on a series of Z-Dol 4000 
lubricated disks prepared at pull-rates from 10 to 170 mm/min. 
The fourth type of disks is specially prepared for the experimental 
investigation of slider-lubricant interaction with electrical/tribo-current as well. To 
obtain ultra-low surface roughness for the extremely low flying of TFC slider and to 
achieve better carbon overcoat adhesion, an extra Ta interlayer instead of the 
intermediate and magnetic layers in the commercial disk, was sputtered on the 3.5-inch 
Al-Mg substrate using Circulus M12 sputtering system. Disk roughness was controlled 
by varying the thickness of Ta layer. The 4.5 nm hybrid carbon overcoat (a-C:Hx/a-
C:Nx) was coated thereafter to ensure robustness and sufficient lubricant bonding. 
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Immediately after sputtering of carbon overcoat, the disks were dip-coated with a layer 
of Z-Dol 4000 (0.1w%, Solvent: DuPont™ Vertrel® XF), which had a thickness of 2 
nm and around 60% bonding ratio. The average surface roughness Ra and glide height 
of the disks were about 2 Å and 3 nm, respectively. 
3.2 Methodologies for Slider-Disk Interaction Measurement 
3.2.1 Acoustic Emission (AE) Testing 
AE may be defined as a transient elastic wave generated by the rapid release of 
energy within a material. When a structure is subjected to an external stimulus (change 
in pressure, load, or temperature) and a small surface displacement is produced, 
localized sources trigger the release of energy, in the form of stress waves, which 
propagate to the surface and are recorded by sensors. 
AE testing refers to a technique of testing, recording and analyzing AE signals 
using apparatus as well as speculating on the status of an AE source. The principle of 
AE testing is shown in Figure 3.5: the elastic waves sent from the AE source are 
transmitted to the material surface via a transmission media and converted to electric 
signals by sensors before being magnified, processed and recorded. Through the 
analysis and processing of acquired signals, the external stimulus could be detected. 
 
 




Typical AE apparatus consist of the following components: sensors which are 
used to detect AE events; preamplifiers which amplifies initial signal; cables that 
transfer signals to AE devices, and data acquisition devices which perform filtration, 
signals’ parameters evaluation, data analysis and charting. The AE sensor is coupled to 
the test item’s surface (superglue is commonly used for fixing the AE sensor during 
testing), so that dynamic surface motion can propagate effectively into the 
piezoelectric element. The dynamic strain produced in the element produces a voltage 
vs. time signal as the sensor’s output. Typical frequency range in AE applications 
varies between 20 kHz and 1 MHz. Selection of an AE sensor depends on the 
application and the type of flaws to be revealed. 
Today, AE systems use digital signal processing techniques with much lower 
costs per channel and much improved real time performance. The basic system is 
composed of one or more AE transducers connected to a processor such as an 
oscilloscope. A computer stores all AE features and combines them with process and 
control inputs to form outputs that can be printed, replayed or analyzed. 
Slider-disk contact can generate AE and therefore can be monitored by the AE 
method which, due to its simplicity and convenience, has been widely used in the 
industry since it was introduced to detect the slider-disk contact in 1980 (Kita et al., 
  
 




1980). In the experiments reported in this thesis, the PICO HF-1.2 AE sensor (Physical 
Acoustics Corporation, USA), as shown in Figure 3.6, was employed to both detect the 
slider-disk contact and to identify the sensitivity of our proposed method. The PICO 
HF-1.2 is a micro-miniature sensor with a wideband and a relatively flat frequency 
response over the range of 500-1850 kHz. Its small size makes the sensor an ideal 
candidate for computer hard disk examination and other applications requiring very 
small size, low weight and AE sensor with a wideband response. 
3.2.2 Laser Doppler Vibrometer (LDV) Measurement 
In any form of wave propagation, frequency changes can occur owing to 
movement of the source, receiver, propagating medium, and intervening reflector or 
scatterer. The change in the frequency of wave motion due to the relative motion of the 
source and receiver is known as the Doppler shift or the Doppler Effect which was 
named after the Austrian physicist Christian Doppler who first considered the 
phenomenon in 1842 (Drain, 1980). If a laser beam of a precise frequency is incident 
on a moving reflector then, according to the Doppler Effect, the frequency of the 
reflected beam is different from that of the incident beam. The velocity of the moving 
reflector can be measured by measuring the change in frequency between the incident 
and reflected beams (Al Mamun et al., 2006). Based on this principle, LDV, which 
directs a laser beam at the surface of interest, can be used to measure the velocity of 
that surface and then integrates the velocity signal to yield the displacement signal. 
A LDV is generally a two beam laser interferometer that measures the 
frequency (or phase) difference between an internal reference beam and a test beam. 
The most common type of laser in a LDV is the helium-neon (He-Ne) laser, although 
laser diodes, fiber lasers, and Nd:YAG lasers are also used. The test beam is directed 
to the target, and scattered light from the target is collected and interfered with the 
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reference beam on a photodetector, typically a photodiode. Most commercial LDVs 
work in a heterodyne regime by adding a known frequency shift (typically 30–40 MHz) 
to one of the beams. This frequency shift is usually generated by a Bragg cell, or 
acousto-optic modulator. 
A schematic of a typical LDV is shown in Figure 3.7. The light from the laser, 
which has a frequency   , is split into a reference beam and a test beam by Beam 
Splitter 1. The test beam then passes through a Bragg cell, which adds a frequency 
shift    and then generates a 40 MHz modulation frequency of the fringe pattern when 
the object is at rest. If the object then moves towards the LDV, this modulation 
frequency is reduced and if it moves away from the LDV, the detector receives a 
frequency higher than 40 MHz. This means that it is now possible not only to detect 
the amplitude of movement but also to clearly define the direction of movement. This 
frequency-shifted beam then passes through Beam Splitter 2 and is directed to the 
target. The motion of the target adds a Doppler shift to the beam given by      
              , where      is the velocity of the target as a function of time,   is 
 
 





the angle between the laser beam and the velocity vector, and   is the wavelength of 
the light. 
Light scatters from the target in all directions, but a portion of the scattered 
light is diverted by the Beam Splitter 2 towards Beam Splitter 3 and then reflected by 
Beam Splitter 3 to the photodetector. This scattered light has a frequency equal to 
         and is combined with the reference beam at the photodetector. The initial 
frequency of the laser is very high (~4.74 1014 Hz), which is higher than the response 
of the detector. The detector does respond, however, to the beat frequency between the 
two beams, which is at       (typically in the tens of MHz range). The output of the 
photodetector is a standard frequency modulated (FM) signal, with the Bragg cell 
frequency as the carrier frequency, and the Doppler shift as the modulation frequency. 
This signal can be demodulated to derive the velocity vs. time of the vibrating target. 
The resolution of a LDV is limited by the accuracy of the frequency demodulator. 
LDV has been widely used in the experimental investigations of dynamics of 
various components in the HDD, and has more or less become a standard reference 
 
Fig. 3.8 Polytec OFV-534 LDV operated on the modular OFV-5000 vibrometer 




tool in the sensitivity study of newly proposed methodologies for monitoring of light 
contacts. Numerous investigations on the vibration characteristics of slider during 
contact with the lubricant and the disks using LDV were reported and have been 
introduced in details earlier in Section 2.3.2.4. 
In the experiments reported in this thesis, a commercially-available LDV 
(Polytec OFV-534 operated on the modular OFV-5000 Vibrometer Controller), as 
shown in Figure 3.8, was employed to both detect the slider-disk contact and to 
determine the sensitivity of the proposed method by vertically directing a laser at the 
trailing edge (TE) of a TFC slider. The specific parameters and experimental 
procedures will be provided in the subsequent chapters. 
3.2.3 The Triple Harmonic Method 
In the past three decades, especially before early 2000s, the standard FH test 
technology is to measure slider-disk spacing optically with a special transparent disk 
instead of the actual disk media. As the areal density of magnetic recording approaches 
1 Tbits/in
2
 and beyond, the slider-disk clearance of the read/write head has been 
reduced to below 2 nm with the application of TFC technology in HDD. Due to the 
small protrusion area, the traditional optical FH testing method is not applicable. The 
most effective ways to measure the FH change are in-situ FH testing methods. These 
are technologies using the relationship between magnetic read/write signal and slider-
disk spacing to measure the magnetic spacing of slider-disk system. 
There are two types of approaches of using read/write head as a transducer for 
slider’s flying performance analysis: reading-process-based approach and writing-
process-based approach. It is assumed that the transition formation process (the writing 
process) is far less sensitive to the variation of slider-disk spacing. Such an assumption 
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is acceptable when the writing gap is wide and the maximum head field acting on disk 
media can be 2-3 times of the media coercivity. 
One of the pioneering works of electronically in-situ measurement of the FH 
by a read/write transducer is the Harmonic Ratio FH (HRF) method (Brown et al., 
1988). It is based on the Wallace spacing loss relationship (Wallace, 1951), where 
changes in amplitude of the measured read-back signal harmonics directly relate to 
changes in the FH of the read/write transducer. According to the Wallace equation, the 
harmonic read-back signal reduces exponentially as the slider-disk spacing increases. 
The spacing induced signal loss is part of the Fourier transform of the read-back 
voltage pulse which is given by 
                               
where C represents the factors independent of the magnetic head spacing d,   is the 





   
 
                      
where λ is the recording wavelength, f is the write frequency, and v is the linear 
velocity at the time of writing. Rearranging eq. (3.1) and (3.2), we can obtain: 
         
   
                      
Supposing a periodic signal at a predetermined frequency f1 is recorded. The 
analog read-back signal V(t) is then a periodic signal with a fundamental frequency f1 = 
v/λ written at a linear velocity v. The spectrum of the read-back signal V(f) 
predominantly consists of odd harmonic lines at frequencies fn = n  f1, (n = 1, 3, 5). 
From this spectrum, the instantaneous amplitude V(f1) of the fundamental frequency f1 
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and the instantaneous amplitude V(fn) of an odd higher harmonic at frequency fn are 
simultaneously measured. The HRF measurement method now produces an 
instantaneous output signal Vout(t) equal to the logarithm of the ratio of the two 
detected amplitudes V(f1) and V(fn) of the two spectral lines f1 and fn in the read-back 
signal V(t). 
           
     
     
                    
where K is the gain factor. This can be shown, using Wallace equations eq. (3.3) to be 
equal to: 
         (     
  
 
)                
here C is a constant independent of the clearance d and   =      at the time of 
writing the signal. The above described measurement will not yield the absolute value 
of the magnetic head spacing d, since the measurement includes a constant whose 
value is not known. 
However, if a second, reference measurement is performed at a known value 
of d (for instance at d = 0), the constant can be calculated and subtracted from the 
measured signal        . The condition d = 0 can be assumed to exist when the slider 
is in contact with the surface of the disk medium, and this can be achieved by the use 
of the touchdown technique. 
Without such a reference measurement, the above described method measures 
changes in the clearance, for example, from d = d1 to d = d1 + d. This results in a 
change in output voltage: 
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by eq. (3.4)  
             
     
     
                   
Combining eq. (3.6) and (3.7), we can get 
    
 
    
   
     
     
                    
where d is the change in clearance between the two measurements. The above 
formulas can be solved for d to compute the FH. 
The HRF method is a continuous, instantaneous measurement of the ratio of 
two spectral lines V(f1) and V(fn) in the spectrum of the read-back signal V(t). Both 
instantaneous spectral line amplitudes relate to the same volume element of the 
recording medium directly underneath the head. To achieve a high signal-to-noise ratio 
(SNR) and thus measurement accuracy in the test, the HRF method uses the ratio 
between the fundamental wavelength λ and the third harmonic component 3λ from the 
read-back signal of a recorded all-one pattern to derive the change of slider-disk 










By rearranging the equation (3.8), FH variation d can be derived as: 
    
 
    
   
     




   
     
     
            
where λ is the wavelength of recording signal,       and       are the intensity of the 
first and third harmonics, respectively. 
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It can be seen from the above derivation, the FH variation is a function of the 
ratio of the first and the third harmonic amplitudes only. Such a harmonic ratio 
approach eliminates the dependence on the medium and slider design values. The main 
drawback with this method is that the spectral power of higher order harmonic signal 
from all “1” pattern decreases too fast at high densities compared with that of the 
fundamental component, especially at high channel density which refers to the ratio of 
PW50 to the physical bit interval, as shown in Figure 3.9 (a). As a result, the SNR of 
higher order harmonic from all “1” pattern is significantly reduced. Therefore, in order 
to improve the signal intensity of the higher order harmonic, a special coding scheme 
for further modifying the HRF method was proposed and referred to as the triple 
harmonic method (Liu and Yuan, 2000). Instead of using (111111), the new approach 
used a (111100) code pattern which provides three major harmonics and the signal 
intensity of both the first and the third harmonics are large enough to cover a very wide 
range of channel density. The recommended channel density for such a testing process 
is around 1.6-2.0, as shown in Figure 3.9 (b). It is claimed that the relative accuracy of 
the triple harmonic method can be within ± 2% of the magnetic spacing in the 
experiment (Yuan et al., 2002). Therefore, it is a good solution to test the slider-lube-
 
 
Fig. 3.9 Spectrum power of the harmonics for the data pattern of (a) all “1” pattern 




disk interaction for sub-10 nm FH system. 
The TFC thermal actuation efficiency of the specific TFC sliders used in this 
thesis is measured with the in-situ triple harmonic method. The specific parameters and 
experimental procedures will be provided in the subsequent chapters. 
3.3 Surface Analysis Techniques  
3.3.1 Conductive Atomic Force Microscopy (C-AFM) 
A few years after the invention of the atomic force microscopy (AFM), the C-
AFM was developed in order to measure currents through thin silicon gate dielectrics 
on the nanometer scale (Murrell et al., 1993). There has been much interest in using 
the C-AFM since mid-1990s (O’Shea et al., 1995; Dickinson et al., 1995; De Wolf et 
al., 1995; Lantz et al., 1997). 
C-AFM is a secondary imaging mode derived from contact AFM in which a 
biased conductive tip is scanned in contact with the sample surface. The principle of C-
AFM is shown in Figure 3.10. Besides conventional AFM scanner and cantilever 
 
 




detection technique, the setup employs a conductive AFM probe, an external voltage 
source, and a current amplifier connected to the AFM probe. Simultaneously to the 
topography the current between probe and sample is recorded as a function of the 
applied bias between sample and probe. Both, the current and the topographic images 
are taken from the same area of the sample, which allows the identification of features 
on the surface conducting more or less current. As running in contact mode, the current 
measured with C-AFM is not due to tunneling as it is in the scanning tunneling 
microscopy (STM) (Binning et al, 1982). Since the feedback for the probe height 
position is based on the cantilever deflection instead of the current, it is also possible to 
characterize samples containing both conductive and insulating surface regions. 
The Dimension 3100 (DI3100, formerly Digital Instruments, now Bruker) 
scanning probe microscopy (SPM) system, attached with a C-AFM sensor, as shown in 
Figure 3.11, was employed to simulate the slider-lubricant-disk interaction. The details 
on the experimental set-up and procedures will be provided in the subsequent chapters. 
3.3.2 Optical Surface Analyzer (OSA) 
The OSA was introduced about 18 years ago in an attempt to achieve high 
speed, high resolution in-situ measurements of thin-film lubricant migration and 
   
 





degradation, as well as carbon thickness changes (Meeks et al., 1995). The instrument 
is based on the principle of ellipsometry, where a laser light source is used to scan over 
the sample surface to measure changes in the phase and intensity of the beam after it is 
reflected from the sample surface (Meeks and Kudinar, 2004). This instrument allows 
the high speed imaging of lubricant migration, wear of the carbon film, defects, 
magnetic patterns, organic contamination and surface topography on thin-film disks. 
As illustrated in Figure 3.12, a diode laser operating at 780 nm emits an 
optical wave that is polarized in a particular combination of P (parallel to the incident 
plane) and S (perpendicular to the incident plane) polarizations. The light is 
subsequently split using a beam splitter with part of the beam going to a reference 
photodetector and the remainder to a focusing lens. The reference photodetector is 
used to feedback stabilize the light source. The transmitted part passes through a lens 
and is focused into a 3 by 6 μm beam on the disk surface. The angle of incident beam 
is chosen to be 60
◦
 with respect to the disk normal since it is near the Brewster's angle 
for the disk carbon, and specular P and S signals have opposite signs for lubricant 
depletion at this angle. The focused beam impinges upon a disk where it is modified in 
amplitude, phase and slope. The modification of the amplitude of the beam occurs 
 
 




because of absorption and scattering on the surface. 
The ellipsometer part of the OSA specially works by measuring the phase shift 
between the P and S components of a Q polarized wave. The Q polarized wave is a 
way of polarizing the optical wave to optimize the measurement of the phase shift. The 
incoming wave is composed of both P and S components and has a certain initial phase 
shift between these components. Upon reflection, the difference in optical properties 
on the surface will change the phase shift. The difference between the initial and final 
phase shifts is what is measured in the phase shift image. The change in the phase shift 
is very sensitive to thickness of thin films and to index of refraction changes. After 
proper calibration, lubricant thickness distribution can be directly measured. This 
method of ellipsometry allows the measurement of lubricant layers as thin as 0.1 Å 
thick at a data rate of up to 16 MHz. The entire optical apparatus is scanned over a 
thin-film disk that is rotated at a high rate of speed. This process allows the entire 
surface of the disk to be mapped in a matter of seconds. 
3.4 Experimental Setup 
3.4.1 Optical Surface Analyzer (OSA) Based Setup 
The Candela 5100 OSA (Candela Instruments, now is merged with KLA-
Tencor) with the VENA CSS/load-unload (L/UL) system attached was used for both 
experimental study of lubricant transfer and part of the experimental studies of slider-
lubricant interaction with electrical/tribo-current. The experimental setup, which 
consists of an air-bearing spindle, a slider mount fixture, AE sensor and slider L/UL 
mechanism, is shown in Figure 3.13. The air-bearing spindle is shared with the OSA 
and is used for rotational control. The actuator is from the VENA system and is used 
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for L/UL control of the sliders. The details on the experimental setup and procedures 
will be provided in the subsequent chapters. 
3.4.2 Spin Stand Based Setup 
Part of the experimental investigations of slider-lubricant interaction with 
electrical/tribo-current was performed with pemto TFC sliders and 2.5-inch 
commercial disks on a modified Guzik spin stand (V2002 + RWA2002) with an 
electrometer (Keithley 6517A) attached. The slider is insulated from the rest of the 
system and the slider-disk contact is detected with electrical/tribo-current, together 
with AE and LDV as the references. As illustrated in Figure 3.14, the measured current 
signal is acquired by the electrometer whilst AE and LDV signals are acquired by the 
oscilloscope. 
In a typical experimental test, the spindle speed is specified to be 5400 RPM 
and the TFC slider is loaded onto the disk at the radius of 1 inch (linear velocity: 14.4 
 
 




m/s) with a zero skew angle. The measured signals of electrical/tribo-current are stored 
in the electrometer and acquired to the host computer by a General Purpose Interface 
Bus (GPIB). All the tests are performed under clean room conditions (class 1000) with 
a room temperature of 22 °C and a relative humidity of 50%. 
 
 





A Study of Slider–Lubricant Interactions with 
Different Slider Designs 
4.1 Introduction 
The slider’s flying height (FH) will be reduced to 3.5 nm or less for achieving 
1 Tbits/in
2
 magnetic recording areal density (Wood, 2000; Gui, 2003). At such a small 
mechanical spacing, the short range interactions, such as intermolecular force within 
the head-disk interface (HDI) will be increased to a level that may degrade the HDI 
performance since these will lead to slider lubricant pickup, lubricant redistribution 
and HDI dynamic instability (Li et al., 2002). 
In the experiments reported in this chapter, the Panda series femto sliders, 
which have been designed and fabricated to effectively minimize the short range 
interactions by optimizing the effective size and air-bearing pressure at their central 
trailing pads, are evaluated and compared experimentally in terms of the relative 
amount of lubricant transferred. It is found that the amount of lubricant transferred or 
the slider-lubricant interactions are minimized by reducing the size of slider’s central 
trailing pad. In addition, an effective FH calibration method for slider with ultra-low 
FH is proposed. 
4.2 Experiments  
4.2.1 Experimental Setup 
The experimental tests were conducted on a Candela 5100 OSA with a VENA 
CSS/Load-unload (L/UL) system attached. The experimental setup, which consists of 
an air-bearing spindle, a slider mount fixture, an AE sensor and slider L/UL 
79 
 
mechanism, is shown in Figure 4.1. The details on the principle of optical surface 
analyzer (OSA) and the integrated testing system have been introduced earlier in 
Section 3.3.2 and 3.4.1, respectively. 
4.2.2 Test Sliders 
The Panda series sliders used in this study were designed and fabricated by 
Data Storage Institute (DSI), Singapore. Figure 4.2 illustrates their air-bearing surfaces 
Table 4.1 Parameters of slider’s central trailing pad. 
Panda 
slider 
Trailing pad area (mm
2
) Width of pad trailing most (m) Max. air pressure (atm) 
II 0.00423 50 20 
III 0.00774 80 38 
IV 0.00214 20 130 
 
 




(ABS) and the images before the tests. The sliders, which had been extensively 
analyzed numerically (Liu et al., 2005; Liu, 2005; Liu et al., 2007), were carefully 
selected with different air-bearing pressures and sizes at the central trailing pad. Some 
main parameters of slider’s central trailing pad are listed in Table 4.1. The detailed 
specifications of these sliders have been mentioned earlier in Section 3.1.1.1. 
4.2.3 Test Disks 
The 3.5-inch aluminum-magnesium (Al-Mg) disks with a magnetic layer, a 
DLC overcoat and a 12 Å lubricant layer were used in this investigation. The average 
surface roughness is about 0.3 nm and the glide height is about 3.5 nm. To prepare 
disk specimens for the lubricant transfer tests, about half of each disk surface was 
rinsed in the solvent to remove the mobile lubricant, leaving behind only bonded 
lubricant. The OSA image of a disk prepared in such a manner is shown in Figure 4.3. 
4.2.4 Calibration of Slider’s Flying Height 
To make a reasonable comparison between different sliders, each slider must 
fly at the same FH during the tests. MMC 3.5-inch Al-Mg bump disk was used for the 
 





FH calibration. The height of the laser bumps on the bump disk is of 3.5 nm (0.137 
inch) in average. Figure 4.4 shows the OSA image of bump region which is around 
the radius of 1.2 inch (30.5 mm) on the disk. The inlet in Figure 4.4 is a typical atomic 
 
 
Fig. 4.4 The OSA image of MMC bump disk with bump height of 0.137 in or 3.5 nm. The laser 
bump region is located at the radius of around 1.2 inch. The typical laser bump is measured 




Fig. 4.3 The OSA image of the disk with lubricant step. About half of the disk surface is rinsed in the 
solvent to remove the mobile lubricant and only bonded lubricant is left. The bright area is 
with thinner lubricant or bonded lubricant only while the dark area is with thicker or mobile 





force microscopy (AFM) image of the laser bump. The calibrations were conducted on 
the same experimental setup as shown in Figure 4.1. 
The typical procedure of FH calibration is exemplified with Panda IV slider. 
First of all, the numerical study of minimum FH of the slider was performed using the 
interface simulator developed by Computer Mechanics Lab., University of California 
at Berkeley (CML Air32, 2000). According to the simulation result, as shown in 
Figure 4.5, the Panda IV slider has a minimum FH of 3.5 nm at about 14,000 rotations 
per minute (RPM). The spindle motor velocity profile was then set accordingly as the 
inlet shown in Figure 4.6.  
Five seconds after loading the slider on the bump region at 15,000 RPM, the 
speed of spindle motor would be reduced from 15,000 to 12,000 RPM within three 
seconds and increased from 12,000 to 15,000 RPM within next one second. 
Immediately after the spindle’s speed was increased to 15,000 RPM, the actuator 
motor would unload the slider to the ramp within one second. 
 
 
Fig. 4.5 Numerical study of the minimum FH of Panda IV at the different RPMs. The speed 





The AE sensor was programmed in the VENA to measure the contacts within 
the first twelve seconds and the corresponding AE signal was recorded. By analyzing 
the AE signals, as shown in Figure 4.6, it was observed that the contact happened at 
5.99 seconds, or 0.99 seconds after the speed of spindle motor was reduced from 
15,000 RPM. Therefore, the avalanche point or the speed corresponding to the starting 
point of contact could be calculated as 14,010 RPM. By the same procedures, the 
critical RPMs of Panda II and Panda III at 3.5 nm FH when contacts occurred were 
measured and are summarized in the Table 4.2. 
Table 4.2 Critical RPM of the slider flying over 3.5 nm at the radius of 1.2 inch. 
 Panda slider 
 II III IV 
Avalanche 
RPM 
10,720 8,650 14,010 
 
 
Fig. 4.6 Spindle motor profile and slider touchdown test. It is observed that the contact happened at 
5.99 seconds, or 0.99 seconds after the speed of spindle motor is reduced from 15,000 RPM. 
Therefore, the avalanche point or the RPM corresponding to the first contact could be 




4.3 Results and Discussions 
All the tests were conducted on the experimental setup as shown in Figure 4.1. 
The radius of flying track for each test was 1.2 inch. The Candela-VENA system can 
be programmed to perform the test automatically. During the evaluation test, the slider 
was L/UL repeatedly on exactly the same flying track. After loading, each slider flied 
over the disk for 3 minutes with the specific speed and then was unloaded. 
Immediately after unloading of the slider, OSA scanned the flying region and recorded 
the image automatically. The procedure was repeated 20 times until the test finished in 
about one hour. The relative amount of lubricant transferred therefore could be 
obtained by analyzing these OSA images. Figure 4.7 shows a typical OSA image of 
the testing region after 6 minutes of track flying by the Panda III slider. The image was 
post-processed by matching with the background image measured at the same region 
before the flying test, and subtracting the background image to remove the image 
curvature. In the image, the bright flying signature in the free lube region indicates the 
depletion or removal of lubricant and dark signature in the delubed region indicates the 
accumulation or transfer of lubricant. 
 
 
Fig. 4.7 OSA image of the testing region after 6 minutes track flying by Panda III slider. 
 




In the present study, the Average Track Zoom function provided by OSA was 
applied to obtain the radial variation within the selected angular range. Average 
lubricant distribution profiles at both regions after 6 minutes of track flying by the 
Panda III slider are shown in Figure 4.8. It can be observed that the lubricant is pushed 
aside along the flying track by either the air pressure around the central trailing pad 
region or the intermittent contact between the central trailing pad and the lubricant. 
The relative amount of lubricant depleted/transferred could be obtained by calculating 





Fig. 4.8 Average lubricant distributions in radial direction of (a) free lubricant region and (b) 






By considering the amount of lubricant which was not removed but just 
displaced in the same region, the net amount of depleted lubricant in the free lube 
region could be obtained by subtracting the displaced area from the removed area as 
schematically described in Figure 4.9. By the same consideration, the net amount of 
accumulated lubricant or transferred lubricant in the delubed region could be obtained 
as well. 
Figure 4.10 shows the test results of depleted lubricant in the free lube region 
(a), transferred lubricant in the delubed region (b) and transferred lubricant on the 
slider (c). Several observations can be made about these curves. It is observed that the 
relative amount of lubricant depleted from free lube region by Panda III is the highest 
 
 
Fig. 4.9 Schematic diagram of lubricant region under the flying slider. 
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Fig. 4.10 The relative amount of lubricant (a) removed from the disk surface with thick lubricant, 
(b) transferred onto the disk surface with thin lubricant and (c) transferred to slider by 




among the three types of sliders, with the amount caused by Panda II a little higher 
than that caused by Panda IV (Figure 4.10 a). It is also observed that the lubricant was 
carried by the flying sliders from the thick lubricant region and deposited onto the thin 
lubricant region. Panda IV slider carried the lowest amount of lubricant and Panda III 
slider carried the highest amount (Figure 4.10 b). 
As the total amount of removed lubricant from the free lube region is 
approximately equal to the transferred amount on the delubed region plus the amount 
transferred to the slider, the relative amount of lubricant transferred to the sliders could 
be easily estimated as shown in Figure 4.10 c. In that figure, it is observed that the 
amount of lubricant transferred to the Panda III slider is the highest; the amount 
transferred to the Panda II slider is little bit higher than that transferred to the Panda IV 
slider. The effects of maximum air-bearing pressure and the area of slider’s central 
trailing pad on the depletion of lubricant in the free lube region are illustrated in Figure 
4.11. It can be observed that the amount of lubricant transferred increases with 
increasing area of the central trailing pad. However, it has a different relationship with 
 
 
Fig. 4.11 The effects of maximum air-bearing pressure (P) and area (A) of slider’s central trailing 




the maximum air-bearing pressures in that the amount of lubricant transferred reached 
a maximum when the maximum air-bearing pressure was increased, but reduced to a 
minimum with further increases in the maximum air-bearing pressure. 
The slider-enhanced lubricant evaporation is a possible mechanism to explain 
the lubricant transfer on the disk surface (Ma et al., 2002b). When the slider flies in a 
3.5 nm FH regime, the distance between the ABS of the slider and lubricant surface is 
close to the mean free path of the lubricant molecules. The vaporized lubricant 
molecules will be picked up by the slider and re-deposited onto the lubricant surface. 
Since the vapor pressure of the lubricant is higher in the thick region than in the thin 
region, this evaporation-condensation process results in a net lubricant transfer from 
the thick region to the thin region when the slider is repeatedly flying over the 





Fig. 4.12 A simplified model of lubricant transfer in the head-disk interface (a), and geometry of 




Based on good understandings of the physics behind lubricant transfer, it is 
also possible to develop quantitative methods to estimate the amount of lubricant 
transferred from disk to slider or just on the disk surface. Such a model that takes into 
account evaporation/condensation driven by thin-film vapor pressure, as well as the 
shear toward the back of slider (Marchon et al., 2003; Marchon et al., 2005; Ma et al., 
2006). Based on the simplified static model, as shown in Figure 4.12, the volumetric 
flow of lubricant on the disk surface which is directly responsible for the mass flux of 
lubricant transfer can be expressed as 
      
   
 
   
  
   
                     
where td is the lubricant thickness on disk surface, h is the slider flying height, v is the 
disk velocity,  a is the air viscosity,  ld is the lubricant effective surface viscosity on 
disk surface, a is the effective slider width of central trailing pad, and  is the fraction 
of time that the disk lubricant experiences slider shearing and it is simply the ratio 
b/2r, where b is the effective slider length and r the test radius. Given the length of 
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Obviously, the amount of lubricant transferred is closely related to the 
effective slider area which is roughly the value of a b. If we assume that the lubricant 
thickness on the disk surface td is identical during the tests with three sliders,  for 
three sliders is 115 rad, Qsd for Panda IV is 1 m
3
/s, the quantitative comparisons of 
lubricant transfer between different sliders can be obtained and are listed in the Table 
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4.3. It is observed that the quantitative comparison agrees well with the experimental 
results. According to Ma’s recent work (Ma et al., 2007), it takes only about 1.8  10-10 
s for each of the lubricant molecules in a 3.5 nm slider-disk spacing to impinge on 
either disk or slider surface one time. The sliders fly about 6, 5 and 9 nm at 34 m/s 
(Panda II at 10,720 RPM), 28 m/s (Panda III at 8,650 RPM) and 45 m/s (Panda IV at 
14,010 RPM) in the time, respectively. Slider air-bearing pressure does not change 
obviously in such a short distance because the feature size of slider pad is usually in a 
micron scale. Therefore, lubricant molecules would have enough time to resume its 
balanced density which is determined by its saturated vapor pressure from any 
disturbance caused by the variations of the slider air-bearing pressure. The effects of 
the air-bearing pressure on the saturated vapor pressure of a molecular thin lubricant 
film in equilibrium are expected to be small, and lubricant transfer is therefore not 
affected by the slider’s air-bearing pressure. However, the displacement of lubricant 
along the flying track as schematically displayed in Figure 4.9 is affected by the air-
bearing pressure, especially by the gradient of the pressure which introduces a radial 
air shearing stress to get the lubricant under the flying slider depleted and piled up 
along the flying track (Wu, 2006). 
Table 4.3 Quantitative comparisons of lubricant transfer by different sliders. 
Panda slider a (m) L (m) RPM v (m/s) Qsd (m
3
/s) 
II 50 40 10720 34 2.5 
III 80 70 8650 28 5 




In this chapter, the lubricant transfer in the head-disk interface was 
investigated experimentally using sliders designed with different air-bearing pressures 
and surface sizes at the slider’s central trailing pads. It was found that the lubricant 
transfer is not dependent on the air-bearing pressure but the effective surface size at the 
slider’s central trailing pad. Slider design with multi-shallow step and smaller central 
trailing pad achieves not only a higher pressure concentration to effectively increase 
air-bearing stiffness but also a lower short range interaction forces to reduce the 
redistribution of lubricant which could negatively impact HDI stability. 
Results reported in this chapter had earlier been published in the paper: Man, 
Y. J., Liu, B., Zhang, M. S. and Gonzaga, L. (2009) “Experimental study of slider–
lubricant interaction with different slider designs”, Microsystem technologies, 15(10-




Study of Slider–Lubricant Interaction with 
Conductive Atomic Force Microscopy 
5.1 Introduction 
It has long been known that tribo-charging may build up at the head-disk 
interface (HDI) as a result of frequent contacts and may lead to a flow of current across 
the interface (Feng et al., 1999; Kiely and Hsia, 2002). This discharge induced current 
or the tribo-current is very low and can be in the order of microamps or nanoamps. 
The present chapter reports an investigation into the slider-disk interaction-
induced tribo-current at the HDI through experiments carried out using a conductive 
atomic force microscopy (C-AFM) and a modified optical surface analyzer (OSA). It 
was observed that the tribo-current displays different gradients of intensity between 
two critical points, at which the interactions can be divided into solid-contact, 
lubricant-contact or light-contact and non-contact regions. When the critical points 
triggering the different interaction regions are known, it might be possible to more-
precisely ascertain the nature of contact between the slider and the lubricant, 
differentiating the light-contact from solid-contact, and so on. This will be the critical 
step to realizing the lube-surfing recording (Liu et al., 2008a; Liu et al., 2009)  a 
promising strategy for 10 Tbits/in
2
 magnetic recording areal density and beyond.  
During the lube-surfing recording, which has been mentioned in Section 2.4, 
the slider’s flying height (FH) is controlled by the voltage applied to the heater or the 
thermal actuator integrated in the slider. The thermal protrusion, which is a very tiny 
area, would come into contact with the lubricant instead of the disk surface when the 
slider flies. This technique could realize the reduction of mechanical spacing, but avoid 
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the heavy contact between slider and disk. The present chapter reports the attempts 
made to explore a way to more accurately understand the lube-surfing recording 
phenomenon and its related issues. 
5.2 Experiments 
5.2.1 Experimental Studies Using the C-AFM 
5.2.1.1 Experimental setup 
In the first part of this chapter, C-AFM was applied to simulate the 
interactions at the HDI because probe-sample interaction is well suited to emulate a 
nanoscale-sliding interface where the probe tip can simultaneously perturb and 
measure interfacial properties in-situ. By using a conductive probe in the conventional 
atomic force microscope (AFM), as introduced in the Section 3.3.1, C-AFM is a 
powerful current sensing technique for characterizing conductivity variations in 
resistive samples. It allows current measurements in the range of hundreds of 
 
 
Fig. 5.1 Optical surface analyzer (OSA) images of disk 1 and disk 2, which are specially prepared 





femtoamps to nearly a microamp and can simultaneously map the topography and 
corresponding electrical properties of a sample. 
5.2.1.2 Sample preparations 
The un-lubricated 3.5 inch commercial disks were dip-coated with a layer of 
lubricant (0.1 wt% Z-Dol 4000) at different thicknesses by controlling the withdrawal 
speeds. The details have been mentioned as the third type of disk media earlier in 
Section 3.1.2. As illustrated in Figure 5.1, the disks were dip-coated at withdrawal 
speeds of 40 mm/min and 80 mm/min for disk 1, and 120 mm/min and 160 mm/min 
for disk 2, respectively. The corresponding thicknesses of the lubricant were around 16 
Å, 21 Å, 27 Å and 32 Å by interpolation from the calibration curve given in Figure 5.2. 
This calibration curve was obtained from measurements made using the x-ray 
photoelectron spectroscopy (XPS) on a series of lubricated disks (lubricant: 0.1 wt% 
Z-Dol 4000) prepared at withdrawal speeds from 10 mm/min to 170 mm/min. 
 
 
Fig. 5.2 The correlation between lubricant thickness and withdrawal speed by which the thickness of 




5.2.1.3 Experimental studies 
During the C-AFM tests, the disk was grounded through the sample stage and 
probed in contact mode while the direct current (DC) bias was intentionally not applied 
to the conductive probe in order to map the intrinsic current generated by the probe-
lubricant/disk interactions during scanning. The normal deflections of the cantilever 
and electrical current across the probe-lubricant or probe-disk interface were 
monitored in order to obtain the topography and conductivity images simultaneously. 
A series of deflection setpoints in voltages that were no more than a few tenths of a 
volt above the engagement point (~ 0.5 V) was applied to control the contact force 
between the probe and the lubricant/disk. The experimental procedure is schematically 
shown from left to right in Figure 5.3. 
Firstly, the conductive probe was engaged on the sample disk under the 
setpoint of 0.5 V. The voltage thereafter was increased to 1 V, which corresponds to 
the maximum force, immediately after the engagement of the probe. The voltage was 
 
 
Fig. 5.3 The experimental procedures. From left to right, the conductive probe is firstly engaged on 
the sample disk under the setpoint of 0.5 V. The voltage thereafter is increased to 1 V 
immediately after the engagement of the probe. Then the voltage is gradually reduced with a 
step of 0.1 V which leads to the separation of the probe from disk, the scanning in the 




then gradually reduced in steps of 0.1 V. During imaging at each given voltage, the 
probe scanned a 1  1 m2 area with a scanning rate of 1 Hz. The procedure was 
repeated until the probe was disengaged, which indicated that the probe had already 
separated from the lubricant surface. 
5.2.1.4 Data acquisition 
Figure 5.4 shows typical images of topography and current distribution of a 
lubricated disk which were simultaneously measured with the AFM and C-AFM. The 
current intensity of each C-AFM image was estimated by averaging over the entire 
scanning area, which is similar to the calculation of roughness carried out following 
scanning by the AFM. The status of scanning on the disk (solid-contact), scanning in 
the lubricant (lubricant-contact) and scanning in the air (non-contact) can be 
determined directly by observing each AFM image obtained. 
Figure 5.5a shows the typical images obtained during solid-contact and 
lubricant-contact, while Figure 5.5b shows the images when the probe was nearly 
separated from the lubricant and when it was not in contact with the disk or lubricant 
 
 
Fig. 5.4 Typical topography (a) and current distribution (b) images of a lubricated disk 
simultaneously measured on the same area of 1 × 1 µm
2










Fig. 5.5 (a) Typical images measured at the status of solid-contact and lubricant-contact, and (b) 
typical images at the moment the probe nearly separating with the lubricant and then 




(the non-contact status). The currents measured with the C-AFM image could be 
correlated with the setpoint voltages or the forces applied. This gives the first critical 
point below which the current exhibited tremendous reduction as the scanning probe 
moved from the disk surface to the lubricant layer. The scanning continued until the 
probe was lifted resulting from a reducing the applied voltage when it reached the 
other critical point. At that point, the engagement between the probe and sample failed 
and the probe separated itself from the lubricant. The data acquired from the analysis 
of AFM/C-AFM images can be represented as the correlation between current and 
applied voltages/forces at different scanning status, as shown in Figure 5.6. From this 
figure, two transition points corresponding to the critical applied voltages are clearly 
seen, indicating the transition from one mode of interaction to another. 
 
 
Fig. 5.6 Schematic diagram of the current as a function of applied voltage/force at the status of 




5.2.2 Experimental Studies Using a Modified OSA 
5.2.2.1 Experimental setup 
In the second part of this chapter, the tribo-current generated during slider-
lubricant/disk contact was investigated using a commercial Candela 5100 OSA 
integrated with a VENA CSS/Load-unload system, as shown in Figure 5.7a. It is 






Fig. 5.7 The modified OSA which is a commercial Candela 5100 with a VENA load/unload system 




to the slider via its connection pads for measuring the electrical current signal, as 
shown in Figure 5.7b. 
5.2.2.2 Experimental conditions 
A TFC slider was used in this investigation. As mentioned in Section 3.1.1, the 
FH of TFC slider could be adjusted by an external voltage driven from 0 to 4 V. The 
disks without magnetic layer were specially prepared using a M12 sputtering system to 
meet the relatively low FH of the specific TFC slider, which is around 3.5 nm. The 
details have earlier been introduced as the fourth type of disk media in Section 3.1.2. 
5.2.2.3 Experimental studies 
During the tests, the spindle was rotating at 10,000 rotations per minute 
(RPM), and a TFC slider was loaded at the track with a radius of 1.2 inch. Immediately 
after the slider was loaded, the driving voltage of TFC was applied and the tribo-
current generated was measured simultaneously by an electrometer (Keithley 6517 A). 
The TFC slider was unloaded after 1 minute of flying. This procedure was repeated 
eight times by applying the voltage from 0 to 4 V with a step of 0.5 V. During the 
interval of each test, the lubricant distribution on the testing region was observed using 
the Candela 5100 OSA. The OSA images provide additional information on the 
transition of different contact modes as well as on the nature of tribo-charging induced 
lubricant degradation. 
5.3 Results and Discussions 
Figure 5.8 illustrates the correlations between the applied voltages or forces 
and currents measured on the various regions on the disks. In Figure 5.8a, the current 
on the region coated with 1.6 nm lubricant, for example, gradually decreased at a 
constant rate when the applied voltage was reduced from 1 to 0.25 V. Further 








Fig. 5.8 The measured current as a function of the applied voltage or force in the regions with 
different lubricant thicknesses. The 1st critical points can be observed from (a), below 
which the conductive probe is separated from the solid disk and scans in the lubricant. 
Moreover, the 2nd critical points can be observed as well from (b), which is the zoom-in 




a voltage of slightly more than 0.2 V was reached. With further reduction in the 
applied voltage, the current decreased with a much gentle rate until about -0.45 V. The 
voltage of 0.2 V was therefore selected to be the first critical point, below which the 
conductive probe was no longer in contact with the solid disk but rather scanned in the 
lubricant. On the other regions of the disk 1 and disk 2 coated with different thickness 
of lubricant, a similar trend was observed. It is interesting to see that under the same 
applied voltage, the intensity of current measured is inversely proportional to the 
thickness of the lubricant.  
It is also observed that the thicker the lubricant the higher (in terms of the 
applied voltage) is the first critical point. A reasonable explanation could be the 
thickness effect from the lubricant. Under the same applied voltage, the penetrating 
depth on the disk by the probe could be different if the lubricant thickness were 
different. The thicker the lubricant, a greater portion of the probe would be immersed 
in the lubricant and the lower the current intensity as the resistivity of the lubricated 
disk increases with the lubricant thickness (Ren et al., 2000). When the voltage was 
continually reduced, until ˗ 0.45 V for the region coated with 1.6 nm lubricant, for 
example, the topography image became blurred and then disappeared, meaning that the 
probe had already been separated from the lubricant. Therefore ˗ 0.45 V was selected 
as the second critical points. A similar trend could be observed for the other regions, as 
illustrated in Figure 5.8b, which is actually the enlarged portion of Figure 5.8a, 
covering the range of applied voltage from ˗ 0.80 V to 0.20 V. The critical points of 
each region coated with lubricant of different thicknesses and corresponding applied 
voltages or the absolute voltage differences between the critical points are summarized 





As illustrated in Figure 5.9, the correlation between the applied voltages 
within the lubricated region between two critical points and the thickness of lubricant 
is nearly linear with a slope of 10.8 nm/V. The slope is actually the piezoactuator’s 
sensitivity C for the C-AFM scanning in the lubricant. When combined with the spring 










 critical point 
(V) 
Applied voltage within lubricant region 
(V) 
1.6 0.20 -0.45 0.65 
2.1 0.35 -0.35 0.70 
2.7 0.45 -0.30 0.75 
3.2 0.60 -0.20 0.80 
 
 
Fig. 5.9 The correlation between lubricant thickness and applied voltage, by which the voltage can 




constant k of the cantilever used (Veeco SCM-PIT probe, k = 2.5 N/m), the loading 
force can be simply converted from the applied voltages by the factor F = kC = 27 
nN/V. 
Furthermore, it is noted that the experiment conducted with C-AFM can be 
used to simulate the slider’s touchdown and takeoff processes. As described in Section 
5.2.1.3, immediately after the maximum force was realized, the applied voltage was 
then gradually reduced and the C-AFM probe was lifted up accordingly with respect to 
different voltages. The lift up process of C-AFM probe from the state of solid-contact 
to the state of non-contact was actually similar to the takeoff process of slider. 
Immediately after the test in the state of scanning in the air, the applied voltage would 
be increased inversely, and the C-AFM probe was then forced to move down from the 
state of non-contact to the state of solid-contact, which was somehow similar to the 
touchdown process of slider. In the experimental tests presented in this work, the 
 
 




probe’s takeoff started prior to its touchdown process. 
However, this procedure could introduce some experimental errors as shown 
in Figure 5.10, which is the result of touchdown and takeoff tests performed on the 
disk with a 2.1 nm-thick lubricant (prepared separately with the same procedure as that 
described earlier in Section 5.2.1.2). It could be observed that the current intensity of 
the touchdown process was higher than that of takeoff, and the lubricant contact region 
during takeoff process has a thicker lubricant than that during touchdown, both of 
which might have resulted from the lubricant meniscus effect during the takeoff 
process, as schematically shown in Figure 5.11. When that happens, the liquid menisci 
form cylindrically around the probe through capillary pressure of the lubricant, leading 
to the higher resistivity within the probe-lubricant/disk interface. The touchdown and 
takeoff test was repeated several times with different lubricant thicknesses. The critical 
points could be observed in both touchdown and takeoff tests. Our results indicated 
that the critical points could be more sensitively measured during the takeoff process. 
 
 


















To further verify the observations made using the C-AFM, the experiments 
carried out with the TFC slider and specially prepared disk were performed on a 
modified OSA. Figure 5.12a illustrates a typical result of the test from which the 
critical points could be observed. The insert in the figure is the magnified view of the 
data curve over the lubricant-contact region. Again, the similar critical points could be 
observed. The tribo-current within the range between the two critical points indicated 
that contact took place in the lubricant region. The OSA observations, as shown in 
Figure 5.12b, supported these measurements. The lubricant contact can be observed 
from the images obtained at 2.5 V and 3 V, while the heavy slider-disk contact which 
led to an obvious physical damage of disk surface can be observed from the image 
obtained at 3.5 V around which the current increased abruptly from 0.1 to 1.2 µA, as 
shown in Figure 5.12a. The current measured within different regions are listed in 
Table 5.2. It needs to note that the felicitous acquisition of electrical current at each 
applied voltage is one of the key points for achieving a reasonable result as the 
charging and discharging of tribo-current always happen simultaneously during the 
measurement of current. 
Furthermore, the touchdown and takeoff test was also attempted using a TFC 
slider on the modified OSA. The test procedure with TFC slider has a reversed order to 
that when using the C-AFM, i.e. the touchdown has to be performed first, then the 
takeoff. However, the heating elements in the TFC sliders were frequently damaged 
Table 5.2 The currents measured within different regions. 
Non-contact Lubricant-contact Solid-contact 
0~300 pA 10~200 nA >1A 
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after touchdown process, and the takeoff therefore could not be performed further to 
achieve an intact touchdown/takeoff curve. In the touchdown/takeoff test, the TFC 
slider was still used to perform the test on a commercially-available 3.5-inch Al-Mg 
disk on which the lubricant thickness is normally around 1 nm. The FH of the TFC 
slider however was not controlled with TFC but the rotational speed of the spindle or 
the linear velocity of the flying slider. The preliminary result, given in Figure 5.13, 
shows that the critical points could still be observed in both touchdown and takeoff 
processes, and the intensity of current during the touchdown process was higher than 
that of the takeoff process, which coincided with what we observed in the studies using 
the C-AFM. 
5.4 Summary 
The present chapter details the experimental investigations on the tribo-current, 
which was generated by the slider-lubricant/disk interactions, using both C-AFM and 
 
 
Fig. 5.13 Touchdown and takeoff tests conducted with a TFC slider on the modified OSA. It needs 
to note that the FH of this TFC slider is not controlled by TFC but the rotating speed of 




modified OSA. The critical points, which divide the interactions into solid-contact, 
lubricant-contact and non-contact regions, could be observed experimentally. The 
analysis of correlation between the applied voltages/forces within lubricant contact 
region and the corresponding lubricant thickness, as well as the touchdown and takeoff 
tests by both methods, verified the existence of such critical points. By carefully 
determining the critical points, the true lubricant-contact might be differentiated 
experimentally from the solid-contact, which will be the critical issue for realizing the 
lube-surfing recording. 
The experiments carried out using the modified OSA attempted to investigate 
the slider-lubricant contact induced tribo-current with the TFC slider. The preliminary 
results are promising but they need to be improved. In the next Chapter, the 
experimental setup as well as data acquisition will be further modified in order to 
explore the methodologies to better differentiating lubricant-contact from solid-contact 
and to apply the methodologies to investigate slider-lubricant contact in-depth. 
Results reported in this chapter had earlier been published in the paper: Man, 
Y. J., Liu, B., Ma, Y. S., Sinha, S. K. and Lim, S. C. (2009) “Slider–lubricant 
interaction and corresponding tribocurrent”, IEEE transactions on magnetics, 45(11), 




Study of Slider-Lubricant Interaction with Tribo-
Current 
6.1 Introduction 
To further increase the areal density toward 510 Tbits/in2, the magnetic 
spacing between the slider and the disk should be further reduced to a value around 
24 nm (Liu et al., 2008a). Taking into consideration the lubricant thickness, overcoat 
thickness and surface roughness on both slider and disk, the remaining physical 
spacing between the slider and disk would be reduced to sub-1 nm (Zheng and Bogy, 
2010). 
To address the tribological challenges being imposed by such extremely small 
mechanical head-disk spacing, a number of approaches have been proposed. They 
include thermal flying height control (TFC) technology (Meyer et al., 1999), wear-in 
pad (Singh et al., 2004), contact recording (Yeack-Scranton et al., 1990) and lube-
surfing recording (Liu et al., 2008a, Liu et al., 2009). Of these technologies, TFC has 
already been implemented in disk drives since 2005. For the wear-in pad and contact 
recording concepts, serious tribological issues have yet to be resolved. These include 
excessive wear, high friction, and the corrosion of magnetic material through damages 
made to the overcoat from wear. 
Lube-surfing recording therefore seems to be a promising recording strategy 
with a small portion of the TFC protrusion in intermittent or continuous contact with 
the lubricant layer of the disk. However, theoretical and experimental work to verify 
the feasibility of such a scheme has been limited (Liu et al., 2008a; Liu et al., 2009; 
112 
 
Zhang et al., 2009; Yu et al., 2009; Man et al., 2009b; Canchi and Bogy, 2010; Zheng 
and Bogy, 2010; Chen et al., 2012). 
To realize the lube-surfing recording, it naturally leads to the question: how to 
carry out in-situ detection and to differentiate the three types of contact of a rapidly-
moving slider body over the disk media? The three types of contact are non-contact or 
slider-air contact; lubricant-contact or slider-lubricant contact; and solid-contact or 
slider-disk contact, as illustrated in Figure 6.1. In the present chapter, we attempt to 
address this question and propose a method by which different contact types of TFC 
slider could be differentiated effectively. 
6.2 Experiments 
6.2.1 Experimental Setup 
The series of experiments reported in the present chapter investigate further 
the interactions between the slider and the lubricant. The experiments carried out used 
“pemto” TFC sliders and 2.5-inch conventional Al-Mg disks (12-Å thick lubricant) 
mounted on a spin-stand attached with an electrometer (Keithley 6517A). The 
electrometer is employed for both tribo-current measurement and the output of TFC 
driving voltage for flying height (FH) control of the TFC slider. 
 
 
Fig. 6.1 Schematic diagrams of a rapidly-moving TFC slider body at the flying status of non-




As illustrated in Figure 6.2, the slider is electrically isolated from the rest of 
the system by fabricating the slider mount from an insulating material. In addition, in 








Fig. 6.2 Photograph (a) and schematic (b) of the experimental setup for tribo-current 




TFC driving voltage for FH control was provided from the electrometer under its 
independent mode. In this configuration, the electrometer functioned as a stand-alone 
power source and it was therefore isolated from the measurement circuits. 
6.2.2 Methods of Data Acquisition and Analysis 
In a typical experiment, the spindle speed was set at 5,200 rpm and the TFC 
slider was loaded onto the disk at the radius of 1.1 inch with a stable FH (0° skew 
angle and 15 m/s linear velocity of the slider). The TFC driving voltages were applied 
from 0 to 4 V with a step of 0.1 V to lower the FH of the slider. The corresponding 
tribo-currents were measured simultaneously using the electrometer. In the last chapter, 
the tribo-current was acquired manually in the preliminary experiments, which led to 
the limited number of data points and introduced considerable errors on each data point 
during data acquisition. In the setup reported presently, the data acquisition was 
program-controlled and carried out by the electrometer automatically. The measured 
tribo-current signals were firstly acquired and stored in the electrometer during the 
experiments testing and later transferred to the host computer through a General 
Purpose Interface Bus (GPIB) controlled by a specially-developed program. 
Figure 6.3 shows a typical result of tribo-current acquired sequentially by 
varying the TFC driving voltages from 2.2 to 3.0 V, with about 0.07 s time interval for 
collecting each data and 1000 points for data acquisition. As shown in the figure, the 
flying time of the TFC slider at each TFC driving voltage or the position of TFC 
protrusion is about 510 s. It can be observed that the tribo-current at each position of 
the TFC protrusion is rather stable and its value is independent of the flying time. 
Furthermore, the tribo-current increases sequentially by approximately 1.6 µA/trial 
with increasing driving voltage, suggesting that the interface is in the status of 





Fig. 6.3 A typical result of the tests. The tribo-current increases sequentially with the increase of 
TFC driving voltages from 2.2 to 3.0 V. The flying time of the TFC slider corresponding to 
each voltage or position of the TFC protrusion is about 510 s. It can be observed that the 
tribo-current at each position of the TFC protrusion is rather stable and its value is 




Fig. 6.4 A sudden transition of the tribo-current can be observed when the TFC driving voltage is 





is applied, after which the current becomes unstable and increases 5 or even 10 folds of 
intensity abruptly. 
Figure 6.4 shows the typical characteristics of such a sudden transition. It 
shows the data measured from 80 to 160 s sequentially after the test shown in Figure 
6.3 which was performed from 0 to 80 s. At the driving voltage of ~3.9 V, the tribo-
current increased from 59 to 503 µA or nearly 8.5 folds within a very short time of 
0.07 s, and the measured current oscillated within the range of 100 µA until data 
acquisition was completed. The TFC driving voltage of 3.9 V in the test is therefore 
the critical point at which the system transited from the status of lubricant-contact to 
the status of solid-contact. The inserted diagram in Figure 6.4 is the magnified curve of 
the tribo-current measured before the transition during which the TFC slider is flying 
at the status of lubricant-contact. Again, it can be observed that the current increases 
steadily with increasing TFC driving voltages, and it also has the same style and step 
(1.6 µA/trial) as those shown in Figure 6.3. 
The disk surface of a test sample was analyzed using an optical surface 
analyzer (OSA) immediately after the completion of a test. An example of an OSA 
 
 
Fig. 6.5 OSA images of 2.5-in disk and zoom-in image of the flying track immediately after sudden 




image is given in Figure 6.5. Scratches around flying track, which are not obvious to 
the naked eyes, can be clearly seen here. The intermittent scratches on the disk surface 
suggest that solid-contact did occur after the sudden transition. In all the tests reported 
in this chapter, each one was repeated 4 to 5 times with the specific TFC slider and 
disk. All tests were performed under a class 1000 clean room condition with a room 
temperature of 22 °C and a relative humidity of 50%. 
6.3 Results and Discussions 
Figure 6.6 combines all the results obtained from tests carried out to measure 
changes in the tribo-current with increasing TFC driving voltage. The critical points 
(TFC driving voltages) at which the system transits from a status of lubricant-contact 
to a status of solid-contact can be clearly observed. The critical points corresponding to 
test 1, test 2 and test 3 are 2.6 V, 2.6 V and 3.9 V, respectively; the corresponding 
 
 
Fig. 6.6 The result of all tests by which the critical points for differentiating the lubricant-contact 
from the solid-contact can be observed obviously. The inset embedded is the magnified 





tribo-currents are 42 µA, 40 µA and 59 µA. If expressed in the form of heater power, 
they are around 68 mW, 68 mW and 152 mW, respectively, and they correlate well 
with published results which were measured using acoustic emission (AE) sensors (Liu 
et al., 2008a; Canchi and Bogy, 2010). It also can be observed that the tests showed 
very good repeatability especially before the transitions.  
The inserted diagram in Figure 6.6 is the magnified current curve of Test 3, 
corresponding to the TFC driving voltage from 0 to 0.1 V in the logarithmic scale. 
Interestingly, at around 0.004 V the tribo-current reaches a kind of steady-state of ~0.2 
µA. This is maintained for a period of time during which the current cannot be varied 
by changes made to the TFC driving voltage. After a period of typically several 
minutes (from all the tests carried out, this length of time was found to be 
unpredictable), the current becomes unstable and increases abruptly to another value 
which is normally around 0.5 µA. Hereafter, the tribo-current becomes adjustable 
again through changing TFC driving voltage and it follows the same trend as seen 
earlier in Figure 6.3. The same phenomenon was seen in all the tests carried out. 
However, it was not possible to determine accurately the voltages corresponding to the 
sudden transitions, which might be able to be used as the critical points defining the 
status of lubricant-contact and non-contact. It is hypothesized that at the moment the 
TFC slider might attain a secondary stable flying status without any lubricant-contact 
(Canchi and Bogy, 2010). More investigations are needed to explore the possible 
reasons contributing to this phenomenon.  
Table 6.1 summarized the critical points and corresponding tribo-currents 
obtained from the tests carried out. As the slider and disk for each test are not exactly 
identical, the critical points and corresponding tribo-currents are a bit different. Point 1 




lubricant-contact took place. In all the tests reported in this chapter, this critical point 
can only be observed occasionally. As an example to illustrate this point, Figure 6.7 
shows that after the slider has achieved a stable flying status with zero TFC power, an 
Table 6.1 The critical points and tribo-currents for each test (: standard deviation).  
  Test 1 () Test 2 () Test 3 () 
Critical 
point (V) 
Point 1 ~0.3 (0.1) ~0.3 (0.1) ~0.3 (0.1) 




Non-contact ~1.510-5 ~1.110-5 ~410-5 
Lube-contact 0.5  42 0.5  40 0.5  59 
Solid-contact ~250 (33.5) ~200 (36.3) ~557 (38.9) 
 
 
Fig. 6.7 An obvious transition can be observed when the driving voltage is applied to 1 V after 
slider achieves a stable flying status. The test is repeated several times and the driving 




obvious transition can be observed when the TFC driving voltage is increased to 1 V. 
The test is repeated several times and the TFC driving voltages corresponding to the 
critical point are estimated to be around 0.1 to 0.5 V. Point 2 is defined as the second 
critical point by which the lubricant-contact can be differentiated from the solid-
contact. The corresponding voltages are in the range of 2.6 to 3.9 V. 
Another important outcome is that it is possible to use the measured tribo-
currents to identify the contact regions the system is in. When the tribo-current is 
around 10 to 40 pA, the system is in the non-contact region; 0.5 to 60 µA means it is in 
the lubricant-contact region and 0.2 to 0.6 mA means the system is in the solid-contact 
region. The values indicated are just a range and they depend considerably on the 
slider, disk and experimental setup used in the tests to measure them. 
6.4 Summary 
In this chapter, the tribo-current generated during contact between TFC sliders 
and commercially-available disks is investigated experimentally with a modified spin-
stand on which the TFC slider is electrically isolated from the rest of the testing system. 
It is found that the tribo-current could be used as a contact-detector to characterize the 
type of contact at the slider-lubricant/disk interface. The experimental results show that 
regions of different types of contact can be differentiated by the range of tribo-currents 
with reasonable accuracy and repeatability. These ranges are clearly separated by the 
critical points at which one might be able to quite accurately determine the contact to 
have taken place just between the slider and the lubricant, or to differentiate the 
lubricant-contact from the solid-contact. Consequently, tribo-current used as a contact-
detector, might be a promising way to accurately studying the lube-surfing recording. 
Results reported in this chapter had earlier been published in the paper: Man, 
Y. J., Liu, B., Hu, S. B., Ma, Y. S., Ye, K. D., Sinha, S. K. and Lim, S. C. (2011) 
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“Characterization of slider-lubricant interaction with tribo-current”, Microsystem 




Parametric Studies of Thermal Flying Height 
Control Sliders for the Investigation of Slider-
Lubricant Interactions in Contact Proximity Regime 
with Electrical Current 
7.1 Introduction 
It is acknowledged that the physical slider-disk spacing will have to be 
reduced to sub-nanometers for achieving 510 Tbits/in2 areal density in hard disk drive 
(HDD) (Liu et al., 2008a). Under such a close proximity, the contact between slider 
and disk or at least the contact between slider and lubricant (lubricant-contact) will 
become inevitable. Some mechanisms for adjusting the slider-disk spacing have been 
proposed, such as piezoelectric flying-height control (Yeack-Scranton et al., 1990), 
wear-in-pad (Singh et al., 2004), thermal flying height control (TFC) technology 
(Meyer et al., 1999), electrostatic flying height control (EFC) (Feng et al., 1999), 
surfing recording (Liu et al., 2008a, Liu et al., 2009) and even contact recording 
technology (Talke, 1997). Among them, TFC technology has already been 
implemented in disk drives since 2005. 
Adopting the TFC technology, the flying height (FH) of the read/write head 
which is carried by the flying slider can be purposely controlled by a thermal actuator 
(heater) embedded inside the slider. Heating power supplied to the heater deforms the 
slider body and produces a localized thermal protrusion at around the read/write head 
through resistive heating, thereby varying the slider-disk spacing. In other words, the 
slider generally flies higher than required for read/write operation and is brought closer 
to the disk as and when necessary. The demonstration results showed a linear reduction 
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in the magnetic spacing as TFC power is applied to the thermal actuator. The 
actuator’s stroke is around 2.5 nm/50 mW with a time constant of 1 ms, and the heater 
had no significant impact on the reliability of the reading element (Suk et al., 2005). 
Touchdown power (TDP), the heating power to achieve lubricant-contact, is 
normally used to characterize the slider-disk interference for system adopting the TFC 
technology. In practice, the slider is first allowed to come into lubricant-contact and 
the TDP is detected by acoustic emission (AE) and/or laser doppler vibrometer (LDV). 
After contact is made, the slider-disk spacing is calibrated against the heating power 
with the known TDP and TFC thermal actuation efficiency (ΔFH/mW) which is 
obtained from the slider and heater design (Canchi and Bogy, 2011), the factor 
estimated by magnetic spacing (Aoki et al., 2011; Ookubo et al., 2010), and modeling 
(Mate et al., 2010). 
There is a significant amount of previous work related to tribocharging/tribo-
current due to slider-disk interference, as introduced earlier in Section 2.7. However, 
very little effort had been made to study the TFC slider-related tribocharging/tribo-
current phenomenon and the potential applications of electrical current, in replace of 
the AE and LDV, as a lubricant-contact detector. As TFC technology has already been 
widely implemented in HDD, it is necessary to further understand the tribocharging 
and tribo-current phenomena. The potential applications of TFC sliders in the new 
approach such as lube-surfing recording technology provide greater motivation to 
investigate these phenomena. 
In this chapter, accurate calibrations of TFC heater’s resistance and 
measurement of TFC thermal actuation efficiency, which are pre-requisites for 
studying the slider-disk spacing in contact proximity regime, were performed 
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experimentally. The feasibility of measuring current by a given slider FH modulation 
and extracting the signal from the measured current for investigating the lubricant-
contact is studied numerically and experimentally. Moreover, the sensitivity of 
measured current – which is used as a contact detector, is compared with that of the 
LDV signal for accurately studying the TFC slider’s dynamic behaviors at close 
proximity to the disk. 
7.2 Experimental Procedures 
The experiments were performed with the specific “pemto” TFC sliders in 
which the original heater resistance is around 100 Ω, and commercially-available 2.5-
inch disks on a modified Guzik spin stand with an electrometer (Keithley 6517A) 
attached. The thickness of lubricant on the disk is 12 Å and bonded ratio of the 
lubricant is around 60%. The system is deliberately designed to generate electrical 
charge by insulating the TFC slider from the rest of the system, and lubricant-contact 
is detected through the measured current, together with LDV as the reference. 
In a typical test, the spindle speed was specified to be 5,400 rpm and the TFC 
slider was loaded onto the disk at the radius of 1 inch (linear velocity: 14.36 m/s) with 
a zero skew angle. As illustrated in Figure 7.1, the current signal was acquired by the 
electrometer while the LDV signal was acquired by the oscilloscope. The measured 
data of current was stored in the electrometer and acquired to the host computer by a 
general purpose interface bus (GPIB). All the tests were performed under class 1,000 













Fig. 7.1 Photograph (a) and schematic diagram (b) of the experimental setup for electrical 





7.3 Results and Discussions 
7.3.1 Calibration of TFC Heating Power with Respect to Variable Heater 
Resistance 
According to the TFC architecture, a driving voltage is applied to a heater, the 
resultant resistive heating causes a thermal protrusion of the heater element. This 
makes it possible to reduce the slider’s FH. As the resistive heating that causes the 
thermal protrusion also increases the temperature of the heater element, the heater 
resistance is not constant but varies with the input TFC driving voltage. In order to 
detect the variation in slider-disk spacing as well as slider-lubricant contact, the precise 
calibration of heater resistance and heating power of the specific TFC slider with 
respect to the input driving voltage is needed before each test. 
The TFC driving voltage (        was generated by a waveform generator 
(Agilent 33220 A) which has an internal resistance of 50 Ω. The applied wave function 
of driving voltage was monitored using an oscilloscope (LeCroy WaveMaster 8600A) 
in which the input channel coupling is set to direct current (DC) 1 MΩ. The input TFC 
 
 
Fig. 7.2 Schematic circuit diagram of input voltage (Vi) from waveform generator (Agilent 33220 
A) and effective voltage (Ve) measured from oscilloscope when the TFC slider is 




driving voltage was first measured using an oscilloscope at the state when it was 
disconnected from the TFC slider, as illustrated in Figure 7.2. The measured voltage is 
defined as effective voltage (      which will be the practical voltage applying to the 
TFC heater element during the tests. 
When the slider is connected to the waveform generator, as shown in Figure 
7.3, the voltage applied to the TFC heater is then the effective voltage corresponding to 
the driving voltage manually input from the waveform generator. The voltage 
measured using the oscilloscope is defined as the applied voltage (      . When the 
driving voltage is applied to the TFC slider, a current (    will be generated and it 
passes through the TFC heater element which has a variable resistance (       during 
the heating process. According to the circuit diagram shown in Figure 7.3, the current 
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Fig. 7.3 Schematic diagram of effective voltage (Ve) or the real input voltage to the heater element 
and the corresponding applied voltage (Va) measured from oscilloscope when the TFC 





where   is the internal resistance of the waveform generator with a value of 50 Ω. By 
equation 7.1, the variable resistance of the heater element can be further expressed as 
   
    
     
                 (     
and the heating power to the TFC slider (    can be expressed as 
        
     
 
                (     
Figure 7.4 shows the measured voltage as a function of the input voltage under 
three different conditions: (a) the effective voltage while the slider is disconnected 
from the voltage source; (b) the applied voltages while the slider is connected to the 
voltage source at the static state; and (c) the applied voltages while the slider is 
connected to the voltage source at the flying state. The input voltages are shown as a 
 
 
Fig. 7.4 The effective voltage (Ve) measured with oscilloscope when the TFC slider is disconnected 
to the voltage source and the applied voltage (Va) to the heater at both static and dynamic 




reference. It can be seen that the effective voltage is approximately 2 times higher than 
the input driving voltage for the specific testing system. When the TFC slider is 
connected to the voltage source, the applied voltage to the heater element is nearly the 
same whether the slider is loaded onto the disk for flying or the slider is in the static 
state. In another word, the applied voltage is approximately independent of the air-flow 
cooling effect for the specific testing system. 
The TFC heating power with respect to the input voltage can be deduced based 
on equation 7.3 by the known values of    and    when thermal effect on the variation 
of heater resistance is considered. For the purpose of comparison, the TFC heating 
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Fig. 7.5 The TFC heating power as a function of TFC input voltage when the heater resistance is 




when both the effective voltage and applied voltage are used by a given resistance of 
100 Ω for the case of a fixed heater resistance. 
Figure 7.5 shows the TFC heating power with respect to the voltage as a 
function of input voltage under different assumptions. It was found that the TFC 
heating power for the case of variable heater resistance, which is solely measured 
experimentally and therefore more practical, is relatively smaller than those calculated 
simply with both effective and applied voltages for a fixed value of heater resistance. 
The difference between the experimental results and the ones calculated based on the 
effective voltage for the fixed resistance is not that obvious, meaning that the TFC 
heating power can be estimated roughly from equation 7.4 when the effective voltage 
is used.  
The difference between the experimental results and the ones calculated based 
on the applied voltage for the fixed resistance is gradually obvious as long as the input 
voltage is increased and will lead to the errors for estimating the heating power of TFC 
slider. It is noted that the TFC heating power calculated simply from input voltage for 
a fixed value of heater resistance, which is commonly used for estimating of TFC 
heating power with equation 7.4, will introduce relatively larger errors especially at the 
higher power region around which the slider TDP is approaching. 
7.3.2 Measuring TFC Thermal Actuation Efficiency with Triple Harmonic 
Method 
TFC thermal actuation efficiency is the ratio of FH reduction to the applied 
TFC heating power. In general, the reduction in FH of TFC slider is smaller than the 
TFC physical protrusion. The TFC thermal actuation efficiency therefore cannot be 
deduced directly from thermal actuator’s stroke of the TFC slider. The TFC thermal 
actuation efficiency reported in this chapter is measured with the in-situ triple 
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harmonic method (Yuan et al., 2002) which has been introduced in details earlier in 
Section 3.2.3. 
A special code pattern “111100” is pre-encoded onto the disk. The harmonics 
in the read-back signals are detected for estimating the FH variation (   ). Normally, 
the     can be derived by the harmonic ratio between the first and third harmonics by 
using the equation (refer to eq. (3.9)) 
     (
   
  
) [  (
  
  
)    (
    
    
)]     (     
where    is the recording wavelength of the third harmonic.    and    are the readback 
signals of the first and third harmonics, respectively.      and      are the readback 
signals at the reference position. 
 
 
Fig. 7.6 The thermal actuation efficiency is measured experimentally with triple harmonic method. 
By multiplying the  (         with the slop obtained from the fitting curve of logarithmic 
ratio in the region before contact, which is  0.0018/mW, the thermal actuation efficiency 




The linear velocity of the TFC slider during the tests reported in this chapter 
was around 14.36 m/s. The code pattern was recorded with a frequency of 18.5 MHz 
which corresponds to the fundamental wavelength   of 0.78 µm and wavelength of the 
third harmonic    of 0.26 µm. The harmonic ratios were measured at TFC heating 
powers from 2~130 mW, while the slider-disk contact was monitored with the LDV. 
The logarithm of the ratio as a function of TFC heating power is shown in Figure 7.6. 
The slider first flies on the specific track without TFC. The TFC driving voltage then is 
applied linearly from 0 to 2.7 V to the TFC heater element and the corresponding TFC 
heating power can be converted by the correlation between input voltage and TFC 
heating power as the heater resistance is considered to be variable, as shown in Figure 
7.5. The slider-disk contact can be observed as the heating power is increased to be 
around 80 mW, after which the logarithmic ratio has a different trend indicating the 
slider-disk contacts in the region (Figure 7.6). By multiplying the   (         or 
  62.1 nm with   0.0018/mW which is the slop obtained from the fitting curve of 
logarithmic ratio in the region before contact, the thermal actuation efficiency of the 
specific TFC slider before lubricant-contact can be derived to be around 0.11 nm/mW. 
Similarly, the thermal actuation efficiency of the same slider during lubricant-contact 
is calculated to be 0.044 nm/mW. 
7.3.3 Simulating the Slider FH Modulation at Close Proximity with Sinusoidal 
Function TFC Driving Voltage 
With the slider’s FH progressively decreases to achieve higher recording 
density, intermittent contacts between slider and disk will become inevitable. This will 
cause increased instability of the flying slider, as a result of slider FH modulation 
which occurs when record signals are modulated by certain bearing frequencies due to 
the resonance of the slider during operation. 
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As the slider and disk are both made of materials with reasonably good 
conductivity, such as sintered Al2O3-TiC in the slider and cobalt-based magnetic layer 
in the disk, the slider-disk contact may be classified as conductor-conductor contact. In 
this way, the head-disk interface (HDI) may act as a quasi-parallel capacitor when we 
assume that the slight pitch angle of the slider can be ignored (Knigge et al., 2004; Lee 
et al., 2007; Mate, 2008). Assuming the slider and disk act as opposite plates of a 
capacitor, as illustrated in Figure 7.7, the charge   between the plates can be expressed 
as 
                      (     
where   is the capacitance and   is the potential difference between slider and disk. 
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Fig. 7.7 As the slider and disk are both made of reasonably well conducting materials, the slider-
disk contact may be classified into conductor-conductor contact. The HDI may act as a 
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where   is the area of the plates,   is the dielectric constant of the medium between the 
plates and   is the distance between the plates, as illustrated in Figure 7.8. For the 
practical HDI,   is the area of the slider, the medium is assumed to be vacuum, and   
is the distance between the slider and the disk. For a specific slider in a given 
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Figure 7.9 shows a simulated current for a given spacing modulation which 
has a 1 Hz sinusoidal function with amplitude of 2.5 nm. In this case study, the slider’s 
 
 
Fig. 7.8 Schematic diagram of a parallel capacitor. V is the potential difference between slider 
and disk, A is the area of the plates, ε is the dielectric constant of the medium between the 




FH is supposed to be 5 nm, the potential   between slider and disk is specified as 3 V 




. The medium between the 









(Mohr et al., 2008). As shown in Figure 7.9, the change in inverse distance over time 
 (        in equation 7.10 represents the modulation with a sinusoidal function as 
long as the distance is greater than zero. The current is     multiplying by the change 
in inverse distance over time and almost follows slider FH modulation with a small 
phase shift. 
To further investigate the effect of spacing variation on the current, another 
case study was performed in which the conditions remained the same as those in the 
last case except the initial slider FH is assumed to be 3 nm. Figure 7.10 shows the 
simulated current as a function of time for a 3 nm FH with a 2.5 nm FH sinusoidal 
 
 
Fig. 7.9 The simulated current with respect to the slider FH variation which is purposely 
designed with a sinusoidal modulation to overlap on the original slider FH (5 nm) as a 





modulation. It was found that the current   increases as the slider-disk spacing   
decreases, and it is directly related to the slider-disk spacing modulation with the same 
frequency. Larger current or higher detection sensitivity can be achieved at the smaller 
slider-disk spacing or lower slider FH. Consequently, sinusoidal function TFC driving 
voltage may be applied to the TFC slider to simulate the slider modulation at close 
proximity while the corresponding current generated will follow the modulation 
approximately and can be measured for the purpose of monitoring the slider-lubricant 
contact. 
7.3.4 Sensitivity of Electrical Current Method Used as a Contact Detector 
According to the studies reported in Section 7.3.3, a sinusoidal function slider 
FH modulation will be applied for the investigations reported presently. The slider FH 
 
 
Fig. 7.10 The simulated current with respect to the slider FH variation which is purposely 
designed with a sinusoidal modulation to overlap on the original slider FH (3 nm) as a 





modulations are generated by supplying a sinusoidal waveform plus a direct current 
(DC) voltage to the TFC heating element. The input voltage (  ) can be expressed as 
             (               (      
where     is a DC voltage which can be used to generate a TFC protrusion or an initial 
slider FH.     is the amplitude of an alternative current (AC) voltage with the 
sinusoidal function or the voltage corresponding to the peak value of the FH 
modulation overlapped to the initial FH,   is the frequency of the sinusoidal function 
and   is the testing time. The sinusoidal function TFC driving voltage (  ) is input from 
a waveform generator (Agilent 33220 A) with different     and a constant     for 
different tests. The input sinusoidal wave function and the slider velocity in vertical 
direction (LDV signal) are monitored synchronously through the LDV signals by an 
oscilloscope (LeCroy WaveMaster 8600A). At the moment, it is unfortunately not 
possible to monitor the current together with the input voltage and the LDV signals, 
but it could be measured synchronously with the input voltage by a trigger signal, 
stored in the electrometer (Keithley 6517A) and acquired to the host computer through 
a GPIB. The slider FH at the radius of 1 inch with 5,400 rpm is around 9 nm without 
TFC, which is measured using a dynamic FH tester. 
As the TFC thermal efficiency before lubricant-contact and after lubricant-
contact  is different (as shown in Figure 7.6). For a given TFC heating power P, the 
slider FH can be expressed as: 
   {
                                                              (         
   
   
                  (                    (            
   (      
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where           is the slider initial FH without TFC power,     is the power at the 
onset of lubricant-contact or TFC touchdown power,     is the thermal efficiency 
before contact, and     is the thermal efficiency after contact. In this illustrative test, 
the frequency of applied sinusoidal function is 1 Hz and the testing time is 2 seconds, 
the     is 2.2 V, the     is 0.5 V, the TFC driving voltage therefore is varied within the 
range from 1.7 to 2.7 V which corresponds to the TFC power from 51.4 to 126.8 mW 
using the equation shown in Figure 7.5. 
Figure 7.11 shows the TFC heating power with respect to the given input 
voltage as a function of time. It was found that the variation of the TFC heating power 
has the same frequency and phase as those of the input voltage. Using equation 7.12, 
the slider FH modulation can be deduced from the input voltage. The slider FH 
modulation with respect to the TFC heating power as a function of time is shown in 
 
 
Fig. 7.11 The TFC heating power with respect to the TFC input voltage as a function of time. It 
can be found that the variation of the TFC heating power has the same frequency and 




Figure 7.12 by which we can find that the slider FH modulation has a 180° phase shift 
relative to the TFC heating power, and the modulation curve is not exactly 
symmetrical to the initial FH. As the TFC touchdown power (TDP) is around 80 mW 
(as shown in Figure 7.6), the highest and lowest FH of the TFC slider can be calculated 
from equation 7.12:                                and            
        (                        , respectively. The negative value 
means the protruded part of TFC slider is already immersed in the lubricant. 
It is important to note that the values of slider FH are just simply estimated by 
the equation. In addition to the experimental errors from the measurements of initial 
FH and the thickness of lubricant as well as the determination of thermal efficiency by 
the triple harmonic method etc., the complicated HDI system in lubricant-contact 
 
 
Fig. 7.12 The slider FH modulation with respect to the TFC heating power as a function of time. It 
can be found that the slider FH modulation has a 180° phase shift relative to the TFC 
heating power, and the modulation curve is not exactly symmetrical to the initial FH. 
The knee points of FH variation relative to the initial FH is about 3.4 nm in positive and 
 1.86 nm in negative which means the minimum FH of specific TFC slider is about 3.2 




proximity status is considerably simplified. The calculated slider FH modulation is 
therefore only a simplified trend to illustrate the complex behaviors of the real-life 
complex situation at the HDI. 
Figure 7.13 shows the measured current variation with respect to FH 
modulation, input voltage and measured LDV signal as the function of testing time for 
the specific TFC slider in this illustrative test. It needs to note that the curves of input 
voltage and measured LDV signal are from the displays on the screen of the 
oscilloscope corresponding to exactly the same period as others in time domain, and 
integrated to the figure with no units. It is observed that the measured current has 
approximately the same phase as that of the simulated slider FH modulation but with a 
small phase shift, which is well correlated with the simulated result, as shown in 
 
 
Fig. 7.13 For a given TFC input voltage overlapped with a sinusoidal function modulation, the 
current is measured and shown in the figure with respect to slider input voltage, slider 
FH modulation and vertical velocity (LDV signal) of slider as a function of time. Within 
one cycle of slider FH modulation, non-contact, lubricant-contact and lube-surfing 
regions can be observed with respect to the LDV humps. It is quite promising to note 
that the measured current correlates well and demonstrates a comparable sensitivity 




Figure 7.9. This phenomenon is repeatable for this specific slider when experiments 
are performed at different DC input voltages. It is reported that the HDI may act as a 
quasi-parallel capacitor through which the current can be generated with variation in 
the slider-disk spacing (Knigge et al., 2004; Lee et al., 2007; Mate, 2008). The charge 
on both plates of the capacitor, i.e. the slider and disk of this testing system is probably 
resulted from the intermittent slider-disk contacts, slider-disk interferences (non-
contact but strong interferences by short range interactions, such as van de Waals force 
and adhesion force etc.) and other unknown sources such as the one presumed to be the 
electrical current flow leaked into the slider body by the driving voltage applying to 
the TFC heating element (Fu et al., 2006). The leaked electrical charge seems to 
dominate the charge distributed on the slider surface especially when the slider is 
flying over the disk with no contact. 
Based on the curve of slider FH modulation and the out-of-plane velocity 
(LDV signal) of the slider, the slider-disk interaction with respect to one cycle of 
sinusoidal input voltage (or heating power) and the humps of LDV signal can be 
divided into non-contact, onset of bouncing vibration and then lubricant-contact, and 
lube-surfing regions. The regions are highlighted with yellow, green and blue colors, 
respectively, for much clear descriptions. Interestingly, based on the LDV signal, it is 
found in the blue region, which is the period immediately after a strong bouncing 
vibration of slider excited by the lubricant-contact, the vertical velocity is suddenly 
suppressed indicating a possible reduction in the interference intensity. It is inferred 
that this condition corresponds to the case of the lube-surfing state during which the 
slider’s dynamics are damped out by the lubricant and its attitude may adjust so as to 
achieve a stable flying state (Tani et al., 2011; Chen et al., 2012). It is likely to be the 
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case that the pressure due to TFC protrusion is altered by the lubricant in a way that 
makes it able to support the slider “surfing” over the lubricant in a stable fashion. 
This phenomenon is also reported and referred to as a second stable flying 
state by other researchers (Canchi and Bogy, 2010). However, the evidence in their 
work pointed out that in this state, the slider appears to achieve a stable flying 
condition with no lubricant-contact, which is contrary to the speculated lube-surfing 
regime, and the physics behind is not given. 
The numerical approaches to understand the dynamic behaviors of TFC sliders 
during touchdown process as well as the lube-surfing interface were performed using 
both the CML dynamics solver (Cox and Bogy, 2007) and DSI’s air-bearing 
simulation program ABSolution (Yu et al., 2006). Results from these studies show that 
an instability region exists at the beginning of touchdown, where the slider bounces on 
the disk. The bouncing state disappears as the slider is brought into even closer contact 
with the lubricant or disk with a higher TFC protrusion (Yu et al., 2009; Zheng and 
Bogy, 2012b).  
The numerical results also indicated that the adhesion force, but not the 
electrostatic force and friction force, plays an important role in the bouncing of slider 
during the instability phase (Zheng and Bogy, 2012b). Moreover, when the slider is in 
close proximity to the disk, the lubricant may be picked up and transferred to the slider 
by the intermittent slider-lubricant contact or even by field emission (Suk, 2005). The 
lubricant migration on the slider surface may lead to the increased slider-disk spacing 
temporarily (Mate et al., 2010). In view of the complicated nature of the slider-
lubricant/disk interaction in contact proximity regime, further investigations are 
required to explore the possible mechanisms. 
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At this moment, it is quite encouraging to observe a good correlation between 
the measured current and the signal measured using the standardized contact detector, 
such as LDV. As shown in Figure 7.13, three peaks of measured current correlate well 
with the LDV humps at which the slider exhibited strong bouncing vibrations due to 
contact with the lubricant. In other words, the maximum value of the measured current 
can be used as the signal to indicate the onset of lubricant-contact, which may be a 
very useful means to differentiate lubricant-contact from non-contact. After each peak, 
the current decreases sinusoidally and suddenly reaches a plateau during which the 
current nearly keeps constant at approximate the minimum value, indicating that the 
slider might have achieved a stable flying condition with lubricant-contact. The two 
sudden decreases of measured current correspond to the onset of the sable flying or 
lube-surfing, while the two sudden increases of measured current correspond to the 
separation of slider from the lubricant. Consequently, the measured current behaves 
like a contact detector and demonstrates a comparable sensitivity to the LDV which 
has been commonly adopted for the experimental investigations of slider-lubricant 
contact. 
Furthermore, it can be further envisioned that the above method may be 
integrated into the slider design and used to provide electrical signal for feedback 
control of TFC protrusion and then FH of the TFC slider. To realize the practical 
application of the proposed method, a suitable strategy has to be found to balance the 
two competing demands: to accumulate as high as possible an electrical charge to 
achieve the highest sensitivity in contact-detection, and to release the electrical charge 
as quickly as possible so as to avoid the electrostatic discharge (ESD) damaging 
read/write processing. This will be a considerable challenge for those involved in slider 




In this chapter, accurate calibration of TFC heater’s resistance was 
successfully carried out. For the specific testing system used to carry out the tests, the 
practical TFC heating power with respect to the input voltage applied to the slider must 
be carefully calibrated before commencing the tests. A simple estimation of the TFC 
heating power using square input voltage divided by a given heater resistance is not 
feasible especially for the precise investigations of slider-disk spacing at close 
proximity. The thermal actuation efficiency, which is essential for the quantitative 
investigations of the spacing between TFC slider and the disk in close proximity, is 
measured experimentally employing the triple harmonic method. The thermal 
actuation efficiency of the specific TFC slider used presently is around 0.11 nm/mW. 
The feasibility of measuring current by a given slider FH modulation and 
extracting the signal from the measured current to investigate the slider-disk contact 
was studied numerically and experimentally. It is concluded that a sinusoidal function 
driving voltage may be applied to the TFC slider to simulate the slider modulation 
while the corresponding current generated will follow the modulation approximately, 
and this can be measured to monitor the slider-lubricant contact at slider spacing in 
close proximate to the disk. Furthermore, the sensitivity of the current used as a 
contact detector was experimentally investigated and it was compared with the 
measured LDV signal. The results obtained suggest that the measured current 
correlated well and demonstrated a level of sensitivity comparable to that of the LDV 
signal in detecting slider-lubricant contact. This is a method that holds much promise. 
An interesting phenomenon described as second stable flying state was also observed.  
Some of the results presented in this chapter were earlier presented at two 
conferences: Man, Y. J., Liu, B., Sinha, S. K. and Lim, S. C., “Tribo-current 
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investigations at different head-disk spacing”, an invited presentation at Asia-Pacific 
Magnetic Recording Conference 2010, and Man, Y. J., Liu, B., Ng, K. K., Yu, S. K., 
Sinha, S. K. and Lim, S. C., “Investigation of possible head-disk spacing at light lube-
contact”, presentation made at the 21st ASME International Conference on 
Information Storage and Processing Systems 2011. In both cases, the author of this 




The Applications of Electrical Current as a Contact 
Detector for the Investigation of Slider-Lubricant 
Contact 
8.1 Introduction 
Based on the thermal flying height control (TFC) architecture and combining 
it with the advantages of in-fly and in-contact head-disk interface (HDI) schemes, a 
recording strategy, coined the lube-surfing recording, has been proposed (Liu et al., 
2008a; Liu et al., 2009). The lube-surfing recording is a promising scheme to 
significantly reducing the head-media spacing (HMS) and then improving the 
magnetic recording areal density. In the read/write operations of lube-surfing recording, 
most of the slider surface flies over the disk with the air-bearings still playing an 
important role while only the tiny protruded read/write head area surfs on the lubricant 
of the disk with sub-nanometer penetration into the lubricant. The contact-induced 
wear and associated vibration problems therefore could be minimized, and the 
resultant HDI will be the one which is stable and reliable. 
A good number of complex processes come into play when lube-surfing takes 
place. These include the coupled effect of slider dynamics and lubricant modulation on 
each other (Dai et al., 2003; Dai et al., 2004), lubricant transfer from the disk to the 
slider at close proximity (Marchon et al., 2003; Marchon et al., 2005; Ma and Liu, 
2007; Man et al., 2009a), and lubricant migration-induced spacing increase (Mate et al., 
2010). Numerous experimental and simulation investigations to better understand these 
phenomena and to explore the feasibility of lube-surfing recording have been 
conducted and introduced earlier in details in Chapter 2. 
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It has been widely observed that when a specific TFC slider is driven to make 
contact with the lubricant, a sudden vibration of the slider occurs close to the 
touchdown power (TDP) but this vibration is suppressed when TFC power higher than 
the TDP is present. This phenomenon has been thought to be the second stable flying 
state (Canchi and Bogy, 2010) and it is believed to be evident of the presence of the 
lube-surfing state. There is now a growing interest in this phenomenon (Tani et al., 
2011; Chen et al., 2012). 
Furthermore, it is noted that in nearly all the experimental studies reported, the 
slider-lubricant contacts are detected by both acoustic emission (AE) and laser doppler 
vibrometer (LDV) methods which are standardized contact detectors widely used in 
laboratory-based investigations. However, AE is not a high sensitivity method for the 
detection of the slider-lubricant contact because of the relatively weak elastic-stress 
wave generated by the slider’s surfing on the lubricant surface (Ma and Liu, 2011). 
The LDV method is commonly used to monitor the slider-lubricant and the slider-disk 
contact by measuring the vertical velocity of the slider at its trailing edge. However, 
LDV is typically large and relatively expensive. It is more suitable for laboratory 
applications and it is not a practical method for drive level implementation. 
Furthermore, the sensitivity of LDV measurement is heavily dependent on the 
measuring point directed by a laser beam. The complex structure of suspension in 
current head gimbal assembly (HGA) is likely to partially block the laser beam and 
gets the beam deviated from the ideal measuring point which may lead to a reduced 
sensitivity of the LDV measurement. 
In addition to detecting the lubricant-contact and hence differentiating it from 
both non-contact and solid-contact states, it is more important to extract the critical 
signal as a proper feedback control to the slider. This is to assure that the slider is 
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surfing just right in the mobile layer of lubricant, and not having a solid-contact with 
the overcoat. One straight-forward approach is to use the reader of magnetic head as a 
contact detector (Zhang et al., 2009) and the contact signal “read” by the reader can be 
easily used as a feedback control to the slider. Another alternative is to use the 
electrical current including the tribo-current signals generated during slider-disk 
interference and slider-lubricant contact as the contact detector (Man et al., 2009b; 
Man et al., 2011). This in turn is a promising approach for both the detection of light 
lubricant-contact and the control of contact intensity with the detected signal of current. 
In the last chapter, the factors which could influence the slider-lubricant 
interactions in close proximity with the presence of electrical current have been 
systematically investigated. A sinusoidal function driven voltage may be applied to the 
TFC slider to simulate the slider modulation while the corresponding electrical current 
generated will follow the modulation approximately and can be measured as a means 
to monitor the slider-lubricant contact. Moreover, the measured current correlates well 
and demonstrates a comparable sensitivity with the LDV signal commonly used to 
detect slider-lubricant contact. 
The effects of both disk rotational speed in rotations per minute (RPM) and 
mobile lubricant on the slider-lubricant/disk interaction and the resulting contact-
induced slider vibrations have been of interest to the hard disk drive (HDD) 
community for a long time. These effects have been investigated by many (for 
example, Khurshudov and Waltman, 2001; Man et al., 2009a; Zeng and Bogy, 2000; 
Lu et al., 2012; Vakis and Polycarpou, 2013). In this chapter, an investigation into the 
roles of the disk RPM and mobile lubricant with respect to the lubricant-contact 
adopting the electrical current method is reported. In addition, the second stable flying 
together with lube-surfing states will be investigated in greater details using specific 
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TFC sliders driven by a modulated TFC voltage. The signal of the measured electrical 
current will be compared with the LDV signal to show its characteristics in contact 
detection during light touchdown and then in the lube-surfing state. The possible 
region of stable surfing state for specific TFC slider will also be estimated 
experimentally using the proposed electrical current method. The characterization and 
preliminary mechanism of electrical current during the touchdown/lubricant-
contact/takeoff processes for the specific TFC slider will be examined and discussed 
with the hope to developing a better understanding of the proposed electrical current 
method for the investigation of the complex interactions at the HDI. 
8.2 Experimental Setup 
Figure 8.1a shows the experimental setup, which is a modified Guzik spin-
stand tester (v2002) with an electrometer (Keithley 6517A), an AE sensor (PICO HF-
1.2, Physical Acoustics) and a LDV (Polytec OFV-534) attached. The experiments 
were performed using “pemto” TFC sliders (heater resistance: ~100 ; initial FH: 9 
nm without TFC) on commercially-available 2.5-inch magnetic disks (Ra: 0.25 nm, Rq: 
0.31 nm) coated with a 12 Å layer of PFPE lubricant (~ 60% bonded ratio). The 
system is deliberately designed to generate electrical charge by insulating the TFC 
slider from the rest of the system, and the lubricant-contact is mainly detected through 
the measured current, monitored together with AE and LDV signals as the references. 
As schematically illustrated in Figure 8.1b, the electrical current signal is 
measured by connecting the electrometer to the head slider via its connection pads. An 
AE sensor is attached to the cartridge to monitor the elastic-stress waves in the slider 
and suspension caused by slider-disk contact, while a LDV is used to measure the 
vertical velocity of slider at its trailing edge. Currently, the electrical current is 










Fig. 8.1 Photograph (a) and schematic diagram (b) of the experimental setup for electrical current 




electrometer and acquired to the host computer by a general purpose interface bus 
(GPIB) while input voltage, LDV and AE signals are monitored and recorded by an 
oscilloscope (LeCroy WaveMaster 8600A). All the tests were performed in a class 
1000 clean room condition with a room temperature of 22 °C and a relative humidity 
of 50%. 
8.3 Results and Discussions 
8.3.1 Effect of Disk RPM 
The effect of disk RPM on the dynamic of conventional non-TFC sliders have 
been well studied. Normally, concomitant with the decrease in disk RPM (or slider 
linear velocity) is a decrease in the slider-disk spacing. The typical application is the 
CSS tester by which the slider-disk contact can be realized by decreasing the disk 
RPM. In a previous work investigating the lubricant transfer, the slider-lubricant 
interaction was purposely controlled by the variation of disk RPM (Man et al., 2009a). 
In the tests carried out presently, the touchdown characteristics of a “pemto” 
TFC slider was investigated using commercially-available 2.5-inch disks with different 
disk RPMs. During the tests, the disk rotational speed was firstly set to 9,000 RPM and 
then the specific TFC slider was loaded at the track with a radius of 1 inch. The 
corresponding linear velocity of slider therefore is 24 m/s. The TFC driving voltages 
were manually applied from 0 to 2.6 V (power: 0 to ~118 mW, step: 0.1 V, average 
dwell time: ~2 s) to lower the FH of the slider while the corresponding electrical 
currents were measured simultaneously using the electrometer. Using the same slider, 
disk and procedures, the subsequent tests were performed at 7,200 RPM (linear 
velocity: 19.2 m/s) and 5,400 RPM (linear velocity: 14.4 m/s), respectively. 
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Figure 8.2 shows the variations in measured current as a function of TFC 
heating power for the specific slider at different disk RPM during touchdown. It is 
observed that the measured current increases gradually with increasing TFC power for 
different RPMs. Specifically, for the test at 5,400 RPM a sudden rise of current at 
around 100 mW TFC power is observed while the currents for tests at 7,200 and 9,000 
RPM are still increasing gradually with the same trend. This means that the lower disk 
RPM may accelerate the slider-disk contact and then decrease the TDP. As expected, 
the results from these tests using the proposed current method correlate well with the 
well-known fact that the mechanism of touchdown and contact at the HDI is 
significantly altered by the disk RPM. 
The effect of the disk RPM on the flyability of TFC slider is straightforward to 
identify: the initial FH of TFC slider is different when it flies over the disk spinning at 
different disk RPM. The smaller the disk RPM, the lower the initial slider’s FH. It is 
 
 





assumed that at a lower disk RPM, the specific TFC slider behaves more like a design 
with high TFC efficiency while at a higher disk RPM the slider behaves more like a 
design with low TFC efficiency. With the increase in TFC driving voltage, the slider 
flying over the disk with lower RPM is likely to generate lubricant-contact prior to the 
slider flying over the disk with higher RPM. 
In general, a higher TFC efficiency is desirable so that the TFC slider has a 
large enough stroke for FH adjustment. On the other hand, higher disk RPM is 
desirable as well so that data can be accessed faster. The balance of these factors must 
be considered to optimize the drive design and to reduce unnecessary costs. 
Furthermore, it is found that the measured current is nearly independent of the disk 
RPM when the TFC heating power is lower than 100 mW, indicating that the 
measured current at the slider’s flying state is not sensitive to the disk RPM. 
8.3.2 Effect of Mobile Lubricant 
PFPE is commonly used as a lubricant film to the disks because of its low 
surface tension; chemical and thermal stability, low vapor pressure; high adhesion to 
substrates; and good lubricity. In today’s HDD, the typical PFPE lubricant on thin-film 
magnetic disks is less than 2 nm in thickness and can be further divided into two parts: 
lubricant molecules retained by the disk after a solvent rinse is defined as “bonded,” 
while those removed from the disk is defined as “mobile”. When the slider contacts the 
disk surface, it is likely to displace the mobile lubricant first, and then it contacts the 
bonded lubricant. If the slider continues to slide on the same track, the bonded 
lubricant will eventually be displaced. Catastrophic failure will occur when the carbon 
layer is worn. Since the mobile lubricant can flow, it can migrate back onto the wear 
track to protect the disk surface from future damage. It is therefore tribologically 
beneficial to have mobile lubricant on the disk surface. As an important factor in the 
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design of the HDI, mobile lubricant has been investigated extensively both 
experimentally and numerically. It is found that even with only a small fraction of the 
lubricant be of the mobile nature, it has a large positive effect on the durability of the 
HDI. In the case where only bonded lubricant exists on the disk, the durability of the 
HDI will be reduced dramatically (Khurshudov and Waltman, 2001). 
The tests were performed with the similar conditions as mentioned in the last 
section, except an additional disk without mobile lubricant (the delubed disk) was used. 
This disk was specially prepared by immersing a commercially-available 2.5-inch disk 
in a fluorocarbon solvent (Vertrel XF, DuPont) to remove the mobile fraction. The 
thickness of the residual or bonded lubricant on the delubed disk is around 7 Å. The 
tests were conducted at the radius of 1 inch of the disk spinning at 5,400 RPM. As the 
slider might be damaged after it contacts the disk around 100 mW (as shown in Figure 
8.2), the test was first conducted on the commercially-available disk with the input of 
TFC driving voltage limited to 2.2 V (TFC power: 85 mW). This was then repeated 
using the delubed disk with the same slider. 
Figure 8.3 shows the measured current on the commercially-available and 
delubed disks as a function of TFC heating power for the specific slider. It can be 
observed that the measured electrical current on the commercially-available disk 
increases gradually with increasing TFC heating power. The trend is nearly the same 
as that seen in a separate test conducted at 5,400 RPM described in Section 8.3.1 
(green dash line shown in Figure 8.3 is the reference). However, the electrical current 
value for the test on the delubed disk is substantially higher, implying that the initial 
tribocharging effect increased with the absence of mobile lubricant (van den Oetelaar 
et al., 2001). The higher tribocharge buildup in the HDI is due to the higher interactive 
intensity between the slider and the bonded lubricant. Specifically, it is observed that 
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for the test on the delubed disk, a gradual current rise until about 55 mW before 
reducing with further increase in heating power. Another sharp rise in current occurs at 
85 mW, which is about 15 mW lower than the TDP for test on the commercially-
available disk. This suggests that the contact at the HDI is affected by the mobile 
lubricant and can be observed with our proposed current method as well. The same 
trend was observed when the same test was repeated. 
The effect of the mobile lubricant on the flyabilty of the TFC slider can be 
designed as follows: as the slider flies at close proximity to the disk, different short 
range forces act on the air-bearing slider, which results in FH modulation and 
instability. Earlier studies have suggested that the observed phenomena are mainly 
resulted from meniscus forces and intermolecular forces which are two main types of 
adhesion forces generated at the HDI. In the present set of tests, the removal of mobile 
 
 
Fig. 8.3 The measured electrical current with respect to disks with and without mobile layer of 
lubricant as a function of TFC heating power. The electrical current measured from the 
disk without mobile lubricant is clearly higher than that with mobile lubricant, suggesting 




lubricant means that the meniscus forces can be negligible, and the dominant adhesion 
force is the intermolecular forces. 
It is reported that the bonded-only lubricant shows a stronger adhesion or 
intermolecular force than the ﬁlms containing mobile molecules because of its 
relatively lower surface coverage of lubricant films (Lu et al., 2012; Vakis and 
Polycarpou, 2013). A strong adhesion force may attract the slider and disk to each 
other at a larger spacing resulting in earlier unwanted slider-disk contact which then 
degrades the HDI durability (Khurshudov and Waltman, 2001). Specifically, the 
fluctuations in the measured current on tests carried out on the delubed disk indicate 
that tribocharge/discharge obviously happened, suggesting a stronger slider 
modulation when the slider flies over a disk without the layer of mobile lubricant. 
It is conjectured that at 5,400 RPM, the interaction between TFC slider and 
delubed disk is a combination of the suspension mode and second pitch mode of slider 
air-bearing (Zeng et al., 2011). The excited vibrations at contact are shifted from the 
lower frequency suspension mode at lower TFC power, to the higher frequency second 
pitch mode at higher TFC power. As the TFC power increases, at the onset of 
lubricant-contact, the in-plane shear forces and friction can excite the slider resulting in 
low frequency vibrations (suspension mode). Normally, the low frequency suspension 
mode is associated with stronger motions of the entire slider body, which may generate 
stronger contact for the traditional slider (non-TFC) but produce relatively weak 
contact for the TFC slider because a large part of slider body stays well separated from 
the lubricant at the onset of lubricant-contact. That is the reason why a gradual rise of 
electrical current can be observed initially. In contrast, the excitation of second pitch 
mode only induces the vertical bouncing motion of the trailing end. This resulted only 
in localized contacts at the tiny protrusion of the TFC slider which is more likely to 
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penetrate through the lubricant film and comes into contact with the DLC overcoat, 
thereby generating heavier wear-induced tribocharging (Kiely and Hsia, 2002). 
The results highlight the important role of the mobile part of the lubricant in 
increasing the reliability of an HDI in a contact mode. This further verifies the 
sensitivity of our proposed current method especially on the detection of lubricant-
contact. 
8.3.3 Investigations of the Second Stable Flying State with Electrical Current 
Since the introduction of TFC sliders, numerous investigations have been 
conducted through experiments and simulation on the contact and touchdown behavior 
of TFC sliders in the contact proximity regime (Ambekar et al., 2005; Chen and Bogy, 
2007; Liu et al., 2008b; Ng et al., 2009; Yu et al., 2009; Vakis et al., 2009; Li et al., 
2009; Li et al., 2010; Zheng and Bogy, 2010; Canchi and Bogy, 2010; Canchi and 
Bogy, 2011; Man et al., 2011; Xu and Sheng, 2011; Ng et al., 2012; Matthes et al., 
2012; Vakis et al., 2012; Zheng and Bogy, 2012a; Zheng and Bogy, 2012b). 
Specifically, a suggested second stable flying state, besides the conventional flying 
state, is reported (Canchi and Bogy, 2010) and has been of interest to researchers (Tani 
et al., 2011; Chen et al., 2012) because of its close correlation with the lube-surfing 
scheme which has the potential advantage of reducing the physical spacing while 
avoiding solid-contact (Liu et al., 2008a, Liu et al., 2009). 
Experimentally, it is found that the TFC slider often exhibits a strong bouncing 
vibration at the TDP and the vibration is suddenly suppressed when the TFC power is 
increased beyond the TDP. It is inferred that this condition corresponds to the case of 
lube-surfing regime during which the slider’s dynamics are damped out by the 
lubricant and its attitude adjusted so as to achieve a stable flying state with a tiny bulge 
surfing in the lubricant. In the last chapter, we reported the observation of such a flying 
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state and discussed the preliminary behaviors of the measured current with respect to 
the second stable flying state. In this chapter, the measured current with respect to a 
full view of the second stable flying state during touchdown, lube-surfing and takeoff 
processes of the specific TFC slider will be characterized for in-depth understanding of 
our proposed current method in the study of lubricant-contact. 
The experimental conditions used for the present tests are as follows: the input 
voltage (  ) is a sinusoidal waveform plus to a direct current (DC) voltage and can be 
expressed as    =     +    sin(2ft), where     is a DC voltage which can be supplied 
to TFC heating element for generating a TFC protrusion or an initial FH and then 
varying the FH of the slider.     is the amplitude of an alternative current (AC) voltage 
with the sinusoidal function or the voltage corresponding to the peak value of the FH 
modulation overlapped to the initial FH,   is the frequency of the sinusoidal function 
and   is the testing time. The TFC power is calculated by the equation shown in Figure 
7.5 with respect to the input voltage and slider FH modulation is calculated by eq. 
(7.12). The value of TFC power is intentionally decreased 10 times for displaying it in 
the figures with the same data scale as the slider FH modulation. The currents 
measured within time period from 1 to 3 s instead of 0 to 2 s are used in the figures as 
some values of the measured current were not stable during the first second. 
Figure 8.4 shows the measured current with respect to the TFC input voltage, 
slider FH modulation and measured LDV signal as a function of testing time under 
different    . At the first glance, the measured current in each figure behaves like a 
capacitor-induced current with respect to the FH modulation. When the     is set to 
zero and the input voltage is just a sinusoidal waveform voltage with an amplitude of 
0.5 V, the measured current as shown in Figure 8.4a, is perfectly symmetrical about 
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zero. This is the obvious evidence that the current generated by the TFC slider FH 
modulation during non-contact is completely resulted from the charging-discharging of 
a capacitor-like HDI. The slider is most likely to be electrically charged when the TFC 
driving voltage is supplied to the heating element to vary the FH of slider. 








Fig. 8.4 The measured electrical current with respect to the TFC power, slider FH modulation and 




increased from zero to about 20 µA, as shown in Figure 8.4 b to 8.4e under different 
DC voltages, indicating that once a DC voltage is applied to the TFC driving voltage, 
there exists a constant rate of electrical charging to the slider which induces a constant 
current at the background, and this can be assumed as the symmetric axis of the 
measured current. However, the source of such electrical charging is unknown. 
During the flying of the slider from its highest FH to its lowest FH, the 
measured current is higher than the axis of symmetry, while the current is lower than 
the axis during the flying of slider from its lowest FH to highest FH. It can be found 
that this axis of symmetry is independent of    . Once the     is increased from 0 V, 
there is no obvious change in the style except the increase in amplitude of the electrical 
current until the     is given to be 1.5 V, at which point the slider seems to have just 
made contact with the lubricant and its flying attitude becomes unstable due to the 
excitation generated by the lubricant-contact. 
It can be found that the LDV hump appears for a short while and then fades 
away. When it appears, the LDV hump gradually increases in size until it nearly 
separates into two parts. The phenomenon behaves in a continue cycle and is measured 
at the moment when the LDV hump appears and is becoming larger. As shown in 
Figure 8.4b, the measured current displays a unique pattern which neither behaves like 
a pure capacitor current (Figure 8.4a) nor agrees with the rest of measured current 
during lube-surfing (Figure 8.4c-e). This phenomenon still could not be explained 
satisfactorily and therefore needs further investigations. 
The second stable flying state can be observed when the     is further 
increased to 1.8 V and beyond, as shown in Figure 8.4c to 8.4e. In these figures, three 
peaks of measured current can be approximately correlated with the LDV humps when 
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the slider experienced strong bouncing vibrations caused by the lubricant-contact. 
After each peak, the current decreases sinusoidally and suddenly drops across the axis 
of symmetry – the moment when the slider reaches its minimum FH. The decrease in 
current from its highest level to its lowest level roughly corresponds to the lube-surfing 
state while the increase in current from its lowest level to its highest level corresponds 
to the takeoff and touchdown phase. The current above the axis of symmetry follows 
approximately the capacitor current, but the current below that axis is obviously 
affected by the lubricant-contact. As shown in Figure 8.4c to 8.4e, when the DC 
voltage in the TFC driving voltage is increased, the amplitude of the “negative” current 
or the current below the axis is gradually decreased, and approaches “zero” or the 
 
 
Fig. 8.5 Schematic diagram on the correlation of capacitor current, slider-lubricant spacing and 
the inverse of the spacing. Once (1/d3  1/d2)  / (t3  t2) = (1/d2  1/d1) / (t2  t1), the current 





value of the axis of symmetry. 
Based on eq. (7.10), the capacitor current is directly related to          , 
where d is the capacitor spacing. When the trend of the spacing d becomes constant, 
the current will approach zero. This can be well understood by viewing the illustration 
given in Figure 8.5. Assuming the TFC slider is in the takeoff process while d1, d2 and 
d3 are the slider-lubricant spacing at time t1, t2 and t3, respectively. If t3 > t2 > t1, then 
d3 > d2 > d1 and 1/d3 < 1/d2 < 1/d1. At the state when (1/d3  1/d2)  (t3  t2) = (1/d2  
1/d1)  (t2  t1), the corresponding capacitor current will have a negative constant value. 
If d3  d2 and d2  d1 become smaller but still remain correlated to (1/d3  1/d2)  (t3  t2) 
= (1/d2  1/d1)  (t2  t1), the absolute value of the capacitor current will be kept 
constant with the trend approaching to zero. When d3 = d2 = d1, the capacitor current 
will be zero. 
Going back to the case in the present study, with the increase of     the 
protruded area of slider penetrates deeper into the lubricant. The measured current 
relative to the “zero” decreases and gradually becomes nearly constant and approaches 
“zero” during the takeoff process. In other words, as long as the slider surfs deeper in 
the lubricant, it tends to remain at the same depth and becomes more difficult to be lift 
and then separated from the lubricant during the takeoff process. This phenomenon can 
be understood when the meniscus force is considered. The deeper the slider protrusion 
penetrates into the lubricant, the more difficult the slider can be separated from the 
lubricant because the higher meniscus force acts on the protruded part of the slider. 
Once the slider overcomes the meniscus force and separates from the lubricant, 
it will be excited by the sudden separation process and generates a bouncing vibration 
which can be observed by the LDV signal. Furthermore, it can be found that the TFC 
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power with respect to the onset of slider bouncing vibration at contact proximity is 
nearly constant and around 60 mW for the tests shown in Figure 8.4b to 8.4e. As the 
sensitivity of LDV signal has been commonly accepted for such a purpose, the 
coherence of TFC powers at the onset of lubricant-contact at different input voltages 
therefore confirms the validity of the calculated TFC power which is based completely 
on the experimental calibrations. This will then be used with respect to the measured 
current to estimate the possible region of stable surfing state. 
8.3.4 Estimation of the Possible Region of Stable Surfing State for a Specific 
TFC Slider 
The most important point in surf-recording is the amount of spacing between 
the TFC slider and the disk that can be reduced and at which region the slider can surf 
in the lubricant stably. Therefore it is possible to estimate the penetration depth of the 
TFC protrusion during its stable surfing state. To achieve such an angstrom-level 
measurement quantitatively, accurate positioning of the measured current with respect 
to the TFC power is critical. 
As mentioned in Section 8.2, the electrical current and TFC input voltage are 
measured by the electrometer and oscilloscope respectively. It is therefore possible to 
generate a time difference more or less at the starting point as each measurement is 
manually activated. It is found that the calculated TFC power as a function of time is 
well correlated to the input voltage as well as the LDV signals. The peak and valley of 
the TFC power curve therefore can be used as a reference for accurately correlating of 
the measured current with the TFC power. 
Theoretically, the capacitor current must pass through zero when the 
modulation of the capacitor reaches its peak and its valley. In the present case, the 
sudden increase or decrease of the measured current across the axis of symmetry may 
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be used to correlate with the peak and valley of the TFC power. Considering the shift 
in potential resulting from the meniscus force effect at the separation point of the 
lubricant-contact, the point of sudden increase across the “zero” position cannot be 
used as a reference while the only available reference is the point of the sudden 








Fig. 8.6 The shifted current (except Vdc at 0 V and 1.5 V) with respect to the TFC power, slider FH 




or the valley of the slider FH modulation. The measured currents are therefore shifted 
accordingly for the tests with the second stable flying state. 
The shifted currents at     of 1.8 V, 2.0 V and 2.2 V, together with the 
original values at     of 0 V and 1.5 V, with respect to the TFC power, slider FH 
modulation and LDV signal as a function of time are shown in Figure 8.6. It can be 
seen that the shifting times are 0.04 s, 0.08 s and 0.13 s for the current measurements 
with respect to the LDV and TFC power measurement tests for the     of 1.8 V, 2.0 V 
and 2.3 V, respectively. A time of 0.04 to 0.13 s ahead or behind the starting time for 
the measurement of the LDV and TFC power is reasonable when manually starting the 
electrical current measurements. 
After the shifting, the point of sudden decrease of current is correlated exactly 
to the highest TFC power or the lowest FH modulation in each test. Specifically, it is 
found that the peak current also correlates exactly to the TFC power of 70 mW in each 
test, indicating that the peak value of the measured current is independent of    . It is 
noted that the time corresponding to the peak value of current is around 0.1 s delay 
comparing to that of the LDV signal at the onset of the slider’s bouncing vibration. 
Based on the principle of capacitor current, the peak value should be 
correlated exactly to the onset of the bouncing vibration of the slider as the changing 
rate of inverse spacing during the touchdown process is affected by the different 
interfacial forces and the sudden decrease at the point. However, the tribocharing may 
be generated during the slider-lubricant interference and even during intermittent 
contacts between the slider and the lubricant. The tribocharging-induced current may 
overlap with the capacitor current and lead to the shift of the peak current. 
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Furthermore, as the initial FH and the thermal actuation efficiency during non-
contact of the specific TFC slider are 9 nm and 0.11 nm/mW (see Section 7.3.2), 
respectively, the FH of the TFC slider corresponding to 70 mW TFC power can be 
calculated by 9  0.11  70 = 1.3 nm. This means that the bouncing vibration of the 
slider can be initiated when the slider flies in close proximity to the disk, which 
correlates well with the numerical investigation (Yu et al; 2009). At a critical slider-
lubricant spacing (larger than 1 nm but smaller than 2 nm), the intermolecular force 
increases dramatically and this may pull the slider further towards the disk surface, 
leading to intermittent contacts between the slider and the lubricant, generating 
bouncing vibration in the slider. It is also suggested that electrostatic forces may also 
contribute to this unstable state of slider when the spacing becomes very small. 
To estimate how deep the TFC protrusion has penetrated into the lubricant 
during stable surfing, the test under 1.8 V DC input voltage is used here as an example 
to show how this can be accomplished. With the known initial FH and thermal 
actuation efficiency, as mentioned above, the TDP of the specific TFC slider, which is 
defined as the power required achieving zero clearance or contacting with the disk 
lubricant, can be deduced from 
    
          
                            
 
    
          
      
On the other hand, the TFC power corresponding to the lowest FH modulation, 
which is the state that slider surfs stably in the lubricant and the measured current 
suddenly decreases across the axis of symmetry, is around 92 mW for the paradigmatic 
test. The possible maximum depth of TFC protrusion penetrating into the lubricant at 
the stable surfing state (             could then be calculated from             
                     .  
167 
 
It is noted that the maximum depth is calculated using the thermal actuation 
efficiency measured within the lubricant-contact region, as shown in Figure 7.6. As the 
TDP is the critical point (~82 mW) after which the thermal actuation efficiency will be 
reduced by the dumping effect from the lubricant, this may introduce an experimental 
error in measuring the thermal actuation efficiency within the lubricant-contact if the 
point of TDP is considered. By multiplying the            or  62.1 nm with 
0.00046/mW which is the slop of the dotted line show in Figure 8.7, the thermal 
actuation efficiency during lubricant-contact can be deduced as 0.029 nm/mW. With 
that,             could then be modified as 
                                  
Estimations of the depth of TFC protrusion penetrating into the lubricant 
during stable surfing state with respect to different DC input voltages are presented in 
 
 
Fig. 8.7 By multiplying the          with the slop obtained from the fitting curve of logarithmic 
ratio in the lubricant-contact region (the point corresponding to TDP is omitted), which is 
 0.00046/mW, the thermal actuation efficiency of the specific TFC slider during lubricant-




Table 8.1. It can be seen that the TFC protrusion surfs only within the mobile layer of 
the lubricant when the DC input voltage is 1.8 V, and it begins to penetrate into the 
bonded lubricant when the DC input voltage is increased to 2.0 V. When the DC input 
voltage is further increased to 2.2 V, the maximum penetration of the slider protrusion 
becomes 1.28 nm which is just over the total lubricant thickness of the disk. 
Considering the results shown in Figure 8.2 and 8.3, the values of electrical 
current at the heavy contact is normally higher than hundreds of µA. The peak current 
of 40 µA in the test with 2.2 V DC input voltage, as shown in Figure 8.6e, suggesting 
that the protruded portion of the TFC slider is still surfing in the bonded lubricant with 
no solid-contact, even though it might be approaching the DLC overcoat. Figure 8.8 
shows the maximum depth of penetration of the thermal protrusion in the lubricant as a 
function of TFC power. As the lube-surfing state is expected to occur only in the 
mobile layers of lubricant (Chen et al., 2012), the region where the specific TFC slider 
will experience the stable surfing state is highlighted in Figure 8.8. The range of the 
TFC heating power where stable surfing could occur is from 82 mW (TDP) to 98 mW.  
Furthermore, it is worth noting that the TFC powers corresponding to the peak 
currents at different input voltages are several mW higher, but they are more uniform 
Table 8.1 Estimations of the maximum depth of TFC protrusion penetrating into the lubricant during 
stable surfing state with respect to different DC input voltages (thermal actuation efficiency: 
0.029 nm/mW). 
















1.8 2.3 53 70 82 92 0.29 
2.0 2.5 55 70 82 109 0.78 
2.2 2.7 62 70 82 126 1.28 
169 
 
than those at the onsets of bouncing vibration measured with the LDV. This 
observation suggested that the electrical current method may provide a more accurate 
and stable reference point for investigating of light lubricant-contact. 
8.3.5 Understanding of the Touchdown/Lubricant-Contact/Takeoff Processes 
for the Specific TFC Slider with the Electrical Current Method 
With the above results, the variation of the measured electrical current during 
touchdown, lubricant-contact and takeoff processes, when the specific TFC slider is 
modulated by the sinusoidal input voltage, is depicted in Figure 8.9. As the TFC power 
increases, the thermal protrusion of pole area on the slider increases in size accordingly 
and it begins to approach the disk media. Before the bouncing vibration of slider 
begins, it is in the non-contact touchdown process during which the capacitor current is 
 
 
Fig. 8.8 The maximum depth of TFC protrusion penetrating into the lubricant during surfing state 
as a function of TFC heating power. Referring to the thickness of mobile lubricant and the 
maximum TFC heating power for surfing of slider in the mobile lubricant, the optimized 





the dominant component of the overall measured current. At the onset of bouncing 
vibration, where the slider protrusion is still more than 1 nm away from the lubricant 
and it is still able to be monitored by the LDV signal, the tribo-current is generated by 
the intermittent contact and they overlapped to produce the measured current. The peak 
 
 
Fig. 8.9 Schematic diagram of typical stages during light touchdown, surfing state and takeoff 





value of the measured current therefore shifts slightly backwards with respect to the 
starting point of the LDV signal. The typical stages from the peak value of current 
onwards during the processes are labeled with numbers as indicated in Figure 8.9. 
These stages are described below. 
 Point 1: the peak value of the measured current indicating the bouncing state of the 
slider. Although the peak value is slightly delayed, the TFC power corresponding 
to the peak current is more stable and uniform than that at the onset of bouncing 
vibration measured by LDV, suggesting that the electrical current method may 
provide a stable reference point for investigating of light lube-contact. 
 Point 2: the point with zero clearance or full lubricant-contact. The TFC protrusion 
just contacts the lubricant with zero clearance. The TFC power corresponding to 
this point is the TDP, which is used as a reference point for measuring the spacing. 
Accurate measurement of TDP is critical for effective control of the spacing 
through the TFC heating element. 
 Point 3: the point at which the bouncing vibration is suddenly suppressed for 
power higher than the TDP is applied. 
 Point 4: the point corresponds to the highest TFC power or the maximum depth of 
penetration of the thermal protrusion into the lubricant. It is observed that the 
measured current suddenly decreases across the axis of symmetry at this point. 
 Point 5: the point where the slider should be just moving up from the surface of the 
lubricant, with respect to the calculated FH. However, the measured current 
suggests that the slider is still “surfing” in the lubricant and is moving upwards 
with a relatively lower variation rate. 
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 Point 6 and 7: the mobile lubricant-induced meniscus force effect coupled with the 
sudden separation of the slider from the lubricant lead to the bouncing vibration of 
TFC slider. 
Point 1 to Point 4 depicts the touchdown process with proximity contact (Point 
1 to Point 2) and full lubricant-contact (Point 2 to Point 4). Point 1 and 4 can be 
directly observed from the measured current, and the TDP at Point 2 can be deduced 
by the initial FH of the specific TFC slider with the aid of known thermal actuation 
efficiency during non-contact. However, Point 3 which is the actual starting point of 
stable surfing state is not able to be observed from the electrical current signal. 
From Point 4 onwards, it is the takeoff process during which there is a 
relatively slow takeoff process with the thermal protrusion of the slider immersed in 
the lubricant (Point 4 to Point 5). The period of meniscus formation around the 
protrusion even though it is above the surface of the lubricant (Point 5 to Point 6) can 
be deduced from the analysis of measured current. In conjunction with the meniscus 
force effect which leads to the starting of the unstable flying state, a sudden separation 
of slider from the meniscus result in the bouncing vibration of the slider (Point 6 to 
Point 7). 
During the whole process from Point 1 to Point 6, the measured current is a 
mixed one which includes the capacitor current (as illustrated by the orange dash line 
in the figure of current as a function of time in Figure 8.9) and the tribo-current. 
During takeoff process from Point 4 to Point 6, the slider is not moving up according 
to the calculated FH but gradually surfing along with the suggested trace (as illustrated 
by the red dash line in the figure of slider FH as a function of time in Figure 8.9). 
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When a driving voltage with an alternative current signal is applied to the TFC 
heating element, a capacitive circuit is formed between slider and disk as the slider has 
been electrically isolated from the rest of the testing system. Any TFC driving voltage 
applied to the slider cannot escape through slider suspension but delivers electrical 
charges to the slider body. The charged slider then acts as an upper electrode while the 
disk acts as the lower electrode. When the slider flies over the disk with no contact, the 
driving voltage-induced charge dominates the electrical charge in the slider body and 
the measured current behaves like a capacitor current. When the slider contacts slightly 
with the lubricant during light touchdown process, the tribocharging-induced current 
or tribo-current may overlap the capacitor current but it is too weak to be differentiated 
from the overall current measured. 
One of the problems existing in the proposed electrical current method is the 
accurate control of the electrical charges. This is because of the limitation in the 
fabrication of the TFC sliders. If the electrical charge can be accurately controlled by 
incorporating appropriate control mechanisms into the TFC slider, such as a ballast 
resistor to limit the current flow from the heating element to the slider body (Fu et al., 
2006), the proposed electrical current method may be used to accurately detect 
lubricant-contact, it may also be used as a feedback mechanism for the control of the 
slider FH (Baumgart et al., 2010). 
8.4 Summary 
In the present chapter, the effects of both disk rotational speed and mobile 
lubricant on the slider-lubricant contact are characterized using the proposed electrical 
current method. The results correlated well with well-known data thereby verifying the 
feasibility and sensitivity of the proposed method on the detection of lubricant-contact. 
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By applying a modulated driving voltage to the specific TFC slider, a full view 
of the second stable flying state (surfing state) during light touchdown and takeoff 
processes was studied experimentally using the electrical current method. The details 
of the measured current at different critical stages were analyzed and discussed 
systematically. It can be found that in each test the peak current correlates well to the 
TFC power of 70 mW which is independent of    . This TFC power is more uniform 
than that at the onset of bouncing vibration measured by LDV, suggesting that the 
electrical current method may provide a stable reference point for investigating of light 
lube-contact. After careful calibration of the TFC heating power with respect to the 
input voltage and accurate measurement of thermal actuation efficiency of a specific 
slider in both non-contact and lubricant-contact states, the possible region of stable 
surfing state for a specific TFC slider can be estimated with peak power, TDP and 
thickness of mobile lubricant. 
The driving voltage applied to the heating element not only produces a 
localized thermal protrusion to deform the region around the read-write head of the 
slider, it also dissipates electrical charges to the slider body. The slider is capacitively 
coupled to the disk media via the TFC heating element. It is suggested that the 
capacitor current dominates most of the current measured during non-contact state and 
it mixes with tribo-current during the lubricant-contact state. Most importantly, it has 
been the desired target to find a signal in the form of electrical current which will be 
more convenient to be acquired as an indicator of the lubricant-contact and be used as 
a feedback signal for adjusting the FH to avoid contact. If the electrical charge can be 
accurately controlled by modifying the TFC slider, the proposed electrical current 
method may be used to accurately investigate the light lubricant-contact. 
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Some of the results presented in this chapter were earlier presented at two 
conferences: Man, Y. J., Liu, B., Sinha, S. K. and Lim, S. C., “Tribo-current 
investigations at different head-disk spacing”, an invited presentation at Asia-Pacific 
Magnetic Recording Conference 2010, and Man, Y. J., Liu, B., Ng, K. K., Yu, S. K., 
Sinha, S. K. and Lim, S. C., “Investigation of possible head-disk spacing at light lube-
contact”, presentation made at the 21st ASME International Conference on 
Information Storage and Processing Systems 2011. In both cases, the author of this 
thesis was the presenter. 
Some of the results presented in this chapter will be presented at the 
conference: Man, Y. J., Liu, B., Ng, K. K., Yu, S. K., Sinha, S. K. and Lim, S. C., 
“Investigations of light contact and lube-surfing state with electrical current,” IEEE 
International Magnetics Conference (INTERMAG Europe 2014). The author of this 





The research reported in this thesis investigates and characterizes the 
interactions or phenomena observed at the slider-lubricant interactions at close 
proximity. It also explores and develops a methodology to detect the onset of 
lubricant-contact and hence differentiating it from both non-contact and solid-contact 
states, which are crucial to practically realizing the scheme of lube-surfing recording. 
The research undertaken includes the characterizations of lubricant transfer with 
respect to different slider designs during slider-lubricant interactions, the 
characterizations of electrical/tribo-current generated during simulative slider-lubricant 
interactions with conductive atomic force microscopy (C-AFM) and the explorations 
of methodology for the detection of the onset of lubricant-contact during slider-
lubricant interactions at close proximity. The findings of these investigations are 
summarized as follows: 
The lubricant transfer in the head-disk interface (HDI) is investigated 
experimentally using sliders designed with different air-bearing pressures and surface 
sizes at the slider’s central trailing pads. It is found that the lubricant transfer is not 
dependent on the air-bearing pressure but the effective surface size at the slider’s 
central trailing pad. Slider design with multi-shallow step and smaller central trailing 
pad achieves not only a higher pressure concentration to effectively increase air-
bearing stiffness but also a lower short range interaction forces to reduce the 
redistribution of lubricant which could negatively impact HDI stability. 
When the electrical/tribo-current generated by the slider-lubricant/disk 
interactions is investigated using both C-AFM and modified optical surface analyzer 
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(OSA), the critical points, which divide the interactions into solid-contact, lubricant-
contact and non-contact regions, could be observed experimentally. The analysis of the 
correlation between the applied voltages/forces within lubricant-contact region and the 
corresponding lubricant thickness, as well as the touchdown and takeoff tests by both 
methods verifies the existence of such critical points. By carefully determining the 
critical points, the true lubricant-contact might be differentiated experimentally from 
the solid-contact, which will be the critical issue for realizing the lube-surfing 
recording. 
In order to better differentiate lubricant-contact from solid-contact so as to 
enable a more in-depth investigation into the slider-lubricant contact, a modified spin-
stand, on which the thermal flying height control (TFC) slider is electrically isolated 
from the rest of the testing system, is employed to measure the electrical/tribo-current 
generated during contact between TFC sliders and commercially-available disks. From 
these tests, it is found that the electrical/tribo-current could be used as a contact-
detector to characterize the type of contact at the slider-lubricant/disk interface. The 
experimental results show that regions of different types of contact can be 
differentiated by the range of electrical/tribo-currents with reasonable accuracy and 
repeatability. These ranges are clearly separated by the critical points at which one 
might be able to quite accurately determine the contact to have taken place just 
between the slider and the lubricant, or to differentiate the lubricant-contact from the 
solid-contact. Consequently, electrical/tribo-current used as a contact-detector, might 
be a promising way to accurately studying the lube-surfing recording. 
With the TFC heater’s resistance accurately calibrated, the thermal actuation 
efficiency, which is essential for the quantitative investigations of the spacing between 
TFC slider and the disk in close proximity, can be measured experimentally employing 
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the triple harmonic method. The thermal actuation efficiency of the specific TFC slider 
used presently is around 0.11 nm/mW and 0.029 nm/mW before and after lubricant 
contact, respectively. 
From careful analysis of the current generated by a given slider’s flying height 
(FH) modulation, it is concluded that a sinusoidal function driving voltage may be 
applied to the TFC slider to simulate the slider modulation while the corresponding 
current generated will follow the modulation approximately, and this can be measured 
to monitor the slider-lubricant contact at slider spacing in close proximity to the disk. 
Furthermore, the sensitivity of the current used as a contact detector is experimentally 
investigated and it is compared with the measured laser doppler vibrometer (LDV) 
signal. The results obtained suggest that the measured current correlated well and 
demonstrated a level of sensitivity comparable to that of the LDV signal in detecting 
slider-lubricant contact. This is a method that holds much promise. An interesting 
phenomenon described as second stable flying state was also observed. 
The proposed electrical current method is used to characterize the effects of 
both disk rotational speed and mobile lubricant on the slider-lubricant contact. It is 
found that the results correlate well with well-known data available in the literature. 
This verifies the feasibility and the sensitivity of the proposed electrical current 
method to detect the onset of lubricant-contact. 
Using the now validated electrical current method, a full view of the second 
stable flying state (surfing state) during light touchdown and takeoff processes could 
be studied experimentally when a modulated driving voltage is applied to the specific 
TFC slider. The peak value of each measured current provides the signal of the 
bouncing vibration of slider during the light touchdown. The TFC power 
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corresponding to the peak of each measured current is quite uniform for different TFC 
driving voltages. With careful calibration of the TFC heating power with respect to the 
input voltage and the accurate measurement of thermal actuation efficiency of a 
specific slider in both non-contact and lubricant-contact states, the TFC power 
corresponding to the peak current may be used as a reference point for the calculation 
of TDP and the estimation of possible region of stable surfing state for a specific TFC 
slider. 
The driving voltage applied to the heating element not only produces a 
localized thermal protrusion to deform the region around the read-write head of the 
slider, it also dissipates electrical charges to the slider body. The slider is capacitively 
coupled to the disk media via the TFC heating element. It is suggested that the 
capacitor current dominates most of the current measured during non-contact state and 
it mixes with tribo-current during the lubricant-contact state. Most importantly, it has 
been the desired target to find a signal in the form of electrical current which will be 
more convenient to be acquired as an indicator of the lubricant-contact and be used as 
a feedback signal for adjusting the FH to avoid contact. If the electrical charge can be 
accurately controlled by modifying the TFC slider, the proposed electrical current 
method may be used to accurately detect the light lubricant-contact. 
It is important to note that the results in this thesis were obtained for certain 
types of air-bearing designs, and that the results obtained are likely to change if the air-
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